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RESEARCH IN THE OPTICAL SCIENCES

Robert R. Shannon

The research reported here covers the period October. 1984 to September. 1987.

The research was performed at the Optical Sciences Center under the Joint Services

Optical Program (JSOP). The statistics of the program are impressive. Twenty-two

different research programs were carried out by twenty different investigators. Over

160 publications resulted from work done under this contract, as did numerous

invited and contributed papers. Students who furthered their educational programs

with research work performed under this contract include the recipients of 13 Ph.D.

degrees and 10 M.S. degrees.

The work covered a wide range of topics, from theoretical physics to practical

measurements in the optical shop. About two-thirds of the work represented the
continuation of projects initiated under the previous JSOP contract, with the

remaining third being new startups under this contract. Some projects ended during

the term of the contract.

A few highlights will be mentioned in this introduction. The reader is referred

to the individual research summaries or the publications listed in this report for a

full understanding of the work carried out.

A project led by P. Meystre investigated the microscopic behavior of individual

atoms in a resonant cavity. These studies have led to an understanding of the

development of coherence in a laser and of the relation between classical and

quantum descriptions of the operation of a laser.

N. Peyghambarian and students initiated the construction and operation of a

facility for the generation and application of femtosecond optical pulses. This

contract served as the principal initial source of support for this capability. The

facility has been producing measurements with 30-fs pulses for the past year. and

has reported detailed measurements of dynamic behavior in the region of the band

edge in semiconductors.

A joint program between G. Stegeman and C. Falco carried through the

investigation of optical and acoustic properties of metallic superlattice films. The

observation of Rayleigh and Stonley waves in these multilayers was accomplished

I to with a theoretical and experimental verification of the elastic constants of these films.



Work by D. Sarid investigated nonlinear surface interactions in microcrystallite

films, and has led to the development of a continuing program on the nonlinearity of

waveguides with dispersed microcrystalline materials. Other work by Sarid on long-

range surface plasmons completed a prior program on the propagation of optical

signals along metallic boundaries using surface plasmon polaritons.

A major program carried out by the Stegeman group investigated several aspects

of the physics and applications of guided waves. Work was done on the theory and

experimental verification of grating coupling in films. Low-loss organic waveguides

were fabricated and demonstrated. Approaches to optical limiters were investigated

both theoretically and experimentally on two programs under JSOP.

A program by C. Falco led to the production of several coatings for x-ray

reflectors for application in the soft x-ray region. The success of this program,

initiated under JSOP. eventually led to the award to Falco of a University Research

Initiative Program grant in the area of x-ray optics.

The use of biased conducting masks during the ion etch process was

demonstrated by U. Gibson to have possibilities for the control of edges in the

fabrication of waveguides. Additional work carried out by Gibson studied the

properties of mixed phase material for the fabrication of nonlinear waveguides.

Work by Gibson also investigated the possibilities of using ion beam methods for the

coating of plastic optical components.

Considerable progress was made in work directed by M. Sargent on the

quantum theory of multiwave mixing. Several publications related results on topics

such as quantum squeezing.

A program by H. Gibbs and N. Peyghambarian investigated the use of GaAs

etalons as nonlinear decision-making components for potential optical computers.

Major achievements under this program included picosecond gating, fabrication of

arrays of gates, theoretical and experimental investigation of GaAs band-edge

nonlinearities, and demonstration of waveguide electronic nonlinearity. An additional

program was directed toward the demonstration of room-temperature operation of

bistable GaAS etalons using laser diode sources.

Additional work carried out jointly by Gibbs, Jacobson, Macleod, and

Peyghambarian investigated the optical nonlinearities of thin deposited films. Initial

work was carried out in developing interference filters of ZnS. The mechanism of

the effect was probably thermal and limited in temporal bandwidth, but the results of

the work led to several demonstrations of optical decision-making systems.

An attempt to produce densified thin films by ultrasonic excitation during the

deposition process was carried out by Jacobson. Macleod and co-workers. Some
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apparent improvements in film density were noted, along with additional new effects.

However, the improvement in film characteristics from ultrasonic excitation appears to

be incremental rather than fundamental.

The construction of a device for high-speed wavefront sensing was carried out

by C. Koliopoulos. A high-speed heterodyne wavefront phase sensor was constructed

and demonstrated using a unique checkerboard beamsplitter approach. Another

demonstration of a new sensor was the construction of a direct-readout CCD x-ray

intensifier by E. Dereniak and H. Roehrig. This device was fabricated jointly with

an industrial organization and demonstrated to operate at high quantum efficiency.

Several methods of measuring the surface figure on an optical element were

investigated by R. Parks. The technique of using a bar spherometer has the

capability of accurate measurements of principal local curvatures on an aspheric

surface in the generation stage. A second approach to obtaining small-scale surface

errors by measurement of the intensity distribution in the image plane was also

carried out.

Work supervised by R. Shack consisted of a theoretical investigation of the

characteristics of aberrated Gaussian beams. This work examined the properties of

imperfect transmission of light in the Gaussian beam region.

A program was carried out by B. Seraphin to investigate the possibility of

measuring the properties of materials by the use of modulated emittance spectroscopy.

Although the technique, which depends upon sychronous detection using computer

techniques. appeared to have possibilities, the signal-to-noise ratio possible with

available detectors did not lead to a promising result.

In summary, a wide variety of topics was investigated, with a good return in

terms of both scientific accomplishments and the development of students.
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NONLINEAR DYNAMICS AND CHAOS

i IN INTRACAVITY QUANTUM ELECTRODYNAMICS

Pierre Meystre

O W PUBLICATIONS

P. Filipowicz, J. Javanainen. and P. Meystre, "Theory of a microscopic maser," Phys.

Rev. A 34, 3086 (1986).

*O P. Meystre and E. M. Wright, "Chaos in the micromaser," in Chaos, Noise and

Fractals, E. R. Pike and L. Lugiato, eds. (Adam Hilger, Bristol. 1987).

T. A. B. Kennedy, P. Meystre, and E. M. Wright. "The micromaser as a problem in

'quantum chaology'," in Fundamentals of Quantum Optics II, F. Ehlotzky, ed.

(Springer-Verlag, Heidelberg. 1987).

P. Meystre, "Repeated measurements on a single harmonic oscillator." Opt. Lett. 12,

669 (1987).

P. Meystre and E. M. Wright. "Measurements-induced dynamics of a micromaser,"

Phys. Rev. A, in press.

J. Javanainen and P. Meystre, "Single-atom quantum mechanics," in the 1989

McGraw-Hill Yearbook of Science and Technology, in press.

T. A. B. Kennedy and D. F. Walls. "Squeezed quantum fluctuations and macroscopic

quantum coherence," Phys. Rev. A, in press.
I

C. Savage, "Oscillations and quantized second harmonic generation," Phys. Rev. A, in

press.

C. Savage and H. J. Carmichael, "Single-atom optical bistability," submitted to Phys.

Rev. Lett.
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Fourteenth International Quantum Electronics Conference. San Francisco, CA (1986).
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P. Meystre, "Chaos in the micromaser." invited paper, International Workshop on

Fractals and Chaos, Como, Italy (1986).

P. Meystre. "The micromaser: a true return map in quantum optics." invited paper.

Winter Symposium on the Physics of Quantum Electronics. Snowbird. UT (1987).

P. Meystre. "Classical and quantum chaos in the micromaser." invited paper, Second

International Seminar on Quantum Optics, Obergurgl. Austria (1987).

T. A. B. Kennedy, P. Meystre. C. M. Savage, and E. M. Wright, "Quantum and

classical instabilities in a micromaser," invited paper, International Workshop on

* Instabilities, Dynamics and Chaos in Nonlinear Systems, I1 Ciocco, Lucca, Italy (1987).

P. Meystre. T. A. B. Kennedy, and E. M. Wright, "The micromaser: from cavity

QED to quantum chaos," invited paper, Adriatico Research Conference on Vacuum in

Nonrelativistic Matter-Radiation Systems. Trieste, Italy (1987).

Contributed paper

T. A. B. Kennedy, P. Meystre, C. Savage, and E. M. Wright, "Chaos in the

micromaser," contributed paper. Fifteenth International Quantum Electronics

Conference, Baltimore, MD (1987).

SCIENTIFIC PERSONNEL

P. Meystre

C. Savage

T. A. B. Kennedy

RESEARCH FINDINGS

Introduction

Intracavity quantum electrodynamics is the study of the interaction between few
atoms and the (typically single-mode) fields that can be realized in high-Q microwave

cavities. Over the past year. this research has addressed aspects of this problem that

are relevant not only in traditional quantum optics (coherence, non-classical fields) but

simultaneously make contact with nonlinear dynamics and chaos. A number of novel

and unexpected results have been obtained which might have considerable impact and

application in quantum electronics, while at the same time contributing to a deeper

" 5
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understanding of the transition between quantum mechanical and classical dynamics.

Specifically. these results will (1) help design lasers with significantly reduced

* intensity fluctuations, and (2) shed new light on the elusive problem of quantum

chaos and on the correspondence between classical and quantum physics.

Lasers with reduced intensity fluctuations

A detailed study of a truly microscopic maser, the micromaser. has been performed.

In the process, it has been possible to determine precisely the reasons why

conventional lasers and masers produce coherent light; i.e., light with intensity

fluctuations Al given by Al - 11/2, where I is the laser intensity. Somewhat

paradoxically perhaps, it is the incoherent nature of the loss and pump mechanisms

that lead to such an output. Intuitively, this can be understood as follows: at the

microscopic level, the dynamics of the atom-field interaction is characterized by.- a

series of Rabi frequencies which scale as the square root of the photon numbers.

The "granulated character" of the phases can lead to non-classical fields such as sub-

Poissonian or squeezed states. But the fluctuations associated with pump and loss

mechanisms 'smear out" the quantum mechanical phases. The electrons in the maser

or laser act then very much like a classical current, and generate in the best case a

Poissonian (coherent) field. But there is no fundamental reason why this should be

the case. If cleaner pumping mechanisms are used and losses are minimized, as is

the case in the micromaser. it is readily possible to generate sub-Poissonian fields;

i.e.. fields with reduced intensity fluctuations, Al < 11/2.

In the last two years or so, a few groups have independently come to the same

0 realization, and have begun detailed investigations of alternate, "clean" laser-pump

mechanisms. These include the New Zealand group of D. F. Walls, who proposes

the use of "squeezed pumps."' and Y. Yamamoto et al.2 in Japan, who propose the

use of negative feedback loops to generate amplitude squeezed states. This is a

novel, wide-open field of investigation, with a very high potential payoff. Planned

future work will extend and generalize our micromaser results toward systems of

more practical interest. Various pumping and feedback mechanisms will be

investigated and compared. In collaboration with Dr. Walls' group, more exotic

schemes, including, for example, the use of squeezed and sub-Poissonian pump

mechanisms, will also be considered.

Instabilities in quantum mechanical systems

In a second facet of this work, it has been shown that, in general, the semi-classical

version of the micromaser exhibits deterministic chaos: as the cavity damping rate or

6
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the interaction time of the atoms with the resonator is varied, the system follows a

period-doubling scenario to chaos, followed by an inverse Feigenbaum sequence

W, terminated by a crisis. An extra degree of complexity is provided by a number of

coexisting attractors with fractal basins of attraction.

In contrast, it can be shown on the basis of very general theorems that the

quantum mechanical micromaser always reaches a unique steady state. Hence, it might

Sseem that semi-classical physics exhibits a wealth of possible dynamical behaviors

absent from quantum mechanics. Yet, one would like to believe that quantum

mechanics includes classical physics as a limit. This, of course, is the central

question of quantum chaos.

A hint at the fundamental difference between classical and quantum physics was

provided when it was shown that in the micromaser, an average of the semi-classical

trajectories over a large random set of initial conditions reproduces at least some of

the quantum mechanical features, such as the average maser intensity and thresholds.

amazingly well. The point is that in its conventional form, quantum mechanics

yields predictions for a large ensemble of identical systems, whereas classically the

dynamics are interpreted in terms of single realizations. Even in the classical case,

oscillations would not be evident on averaging over an ensemble unless the phase of

the oscillations was fixed absolutely, which is not generically the case. Therefore it

can be claimed that the paradox is only apparent. What should be considered is the

quantum dynamics of a single representative system, which obviously requires

including the repeated measurements performed to monitor it.

More precisely, it has been pointed out by W. E. Lamb. Jr.' that to study the

dynamical behavior of a quantum system, it is necessary to explicitly include the

effects of the measurements that must be performed to monitor it. To properly do so

requires coupling the system under investigation to a meter system. The

measurement process typically produces a back-action on the system which influences

its future dynamics. This is quite different from the classical situation, where "any

observation of the system would involve some intervention from outside the system,

but the structure of the theory is such that the effects of measurements can easily be

ignored."'
Analyzation of the influence of repeated measurements on a micromaser

indicates that they lead to measurement-induced dynamics and instabilities which are

% -not apparent when conventional ensemble-average predictions are considered: i.e.,

when the system is prepared to a fresh initial state after each measurement, wiping

, out any memory of the past in the process. Two cases where dynamical information

about a single representative system can be extracted from such measurements were

7



explicitly discussed: measurement-induced quantum diffusion between two different

mean values of the intracaity intensity, and measurements-induced relaxation

oscillations.

It is not suggested that measuring the evolution of a quantum dynamical

variable will make it behave in a classical fashion, but rather that in a single

realization the dynamics of the system can become evident. In contrast to what is

generally assumed in classical dynamics, the observed quantum "trajectories" are
measurement-induced and measurement-dependent. Whether it is possible to obtain a

classical or semi-classical behavior by performing an appropriate measurement on a

quantum dynamical variable is a separate issue that goes beyond the scope of this

report.

In an attempt to determine how generic the micromaser results are, research on

intracavity second-harmonic generation has also been initiated. Like the micromaser.

this system presents the paradox that quantum mechanically, this dissipative system

approaches a unique steady state, while its semi-classical version displays oscillations,

period-doubling, and chaos. The dilemma is how to reconcile these results.

Another system of considerable interest in this context is single-atom optical

bistability, presently being researched in collaboration with H. J. Carmichael at the

University of Arkansas.

REFERENCES

1. D. F. Walls, private communication (1987).

2. Y. Yamamoto, S. Machida and T. Yanagawa, "Amplitude squeezing in a
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RESEARCH FINDINGS

Introduction

This project was begun in 1985 and has had two years of funding under this

contract. The following report covers accomplishments during the two years.

Objectives

The primary goal of this project was a laser system capable of generating pulses of

a few tens of femtoseconds in duration at a repetition rate of a90 MHz. The pulses

* were to be amplified to intensities of several hundred gigawatts per square centimeter

at repetition rates of a few kilohertz for time-resolved studies of optical nonlinearities

in several materials and nonlinear optical switches. In particular, high-speed

switching in GaAs-AlGaAs multiple quantum wells (MQWs) were to be investigated,

* and the dynamics of the optical response of semiconductor-doped glasses and CdSe

were to be measured.

Approach

To generate femtosecond pulses, the colliding-pulse passive mode-locking technique

found in a ring cavity was proposed. The ring dye laser, which contained a

saturable absorber and a saturable gain medium, was pumped by an Ar-ion laser.

The cavity incorporated a four-prism sequence to introduce adjustable group velocity

dispersion and to allow adjustable pulse durations from several tens of femtoseconds

to -500 fs. The pulses were then to be amplified by a copper vapor laser at
90 KHz repetition rate to obtain a white light continuum, and for use in pump-

d~ probe experiments.
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The following techniques were employed to accomplish these goals:

I. High-Speed Switching Measurement
V) The rapid response time of nonlinear etalon switches may be measured with two

or three pulses: a probe pulse and one or two "control" pulses. The devices

are made by placing the nonlinear medium between two partially transmitting

- P mirrors. The transmission of the "probe" pulse is the gate output which is

controlled by one or two "control" pulses (input to the gate). For example. a

NOR gate truth table can be satisfied when the probe wavelength is tuned to the

Fabry-Perot peak in the absence of any "control" pulse. The gate output is then

initially "high." The application of a "control" pulse shifts the Fabry-Perot peak
0away from the probe wavelength, forcing the probe transmission to the "low"

state. To time-resolve the response of the gate, the speed at which the Fabry-

Perot peaks shift in response to the control pulse is measured. Therefore, the

probe transmission, which includes the Fabry-Perot peak, is detected with

different delays with respect to the "control" pulse.

2. Pump-Probe Transient Technique

In this technique two short pulses with a variable delay are sent into the sample.

" One of the pulses is usually a weak beam with a broad spectrum to cover the

entire absorption region of the material. The second pulse is an intense beam

with a narrow spectrum, and tunable to allow excitation at various regions of

absorption. The probe pulse is detected either with a combination of a

*0 spectrometer and an optical multi-channel analyzer, or with a single photodiode

at the narrow slit of a monochromator. By recording the pump-induced changes

in the absorption spectrum of the probe pulse as a function of time delay

between pump and probe, the evolution of the excited system can be followed.

Accomplishments

Construction of the Femtosecond Laser System

The femtosecond system was built in-house with the following components:

a) the colliding-pulse mode-locked ring dye laser which generates pulses of adjustable

duration ranging from a5O fs to a few hundred fs. The ring cavity contains a four-

prism assembly to compensate for the positive group velocity dispersion; b) the

amplifier stage which is pumped by a 24 W copper vapor laser operating at

2! 10 KHz. The amplifier stage uses a solphorhodamine dye solution for the gain

medium and malachite-green dye solution as a saturable absorber medium to remove

13
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the fluorescence and unamplified pulses; c) a continuum generator which uses an

ethylene glycol jet and produces a white-light continuum ranging from 200 nm to

900 nm in the femtosecond time domain; d) an autocorrelation and a cross-correlation

setup which allows measurements of the time duration of the pulses.

This laser system was used in some of the measurements that are summarized

in this report. Figures 1 through 4 depict different components of the laser.

Semiconductor- Doped Glasses

The first material studied using the femtosecond laser system was a

semiconductor-doped glass. This class of materials is of current interest because of

the potential for application in nonlinear devices. The optical nonlinearities in

0 several glasses were time-resolved. A pump-probe experimental technique was

employed and is shown schematically in Fig. 5. The differential transmission spectra

(DTS) of the samples were measured as a function of time delay between the pump

and probe pulses. The DTS is the difference in transmission of the probe pulse in

the presence (T) and absence (T,) of the pump, divided by T, (i.e., DTS - (T-To)/To).

Figure 6 shows the DTS for a CdSo.,Se,.2 glass at 300 K for various time delays

between the pump and probe pulses. Negative time delays indicate situations where

the probe peak precedes the peak of the pump pulse. A spectral hole is burned at

W early times. The spectral hole is indicative of a state filling effect where the

carriers are in a nonequilibrium state. At later times when the pump and probe

overlap increases, the spectral hole broadens and a high-energy shifting of the spectra

is observed. This blue shift is the result of a bandfilling effect, which is the main

* source of nonlinearity of these glasses. The blue shift is more easily recognized if

the transmission of the probe is plotted as a function of wavelength. Such spectra at

room temperature are shown in Fig. 7. The I-ps spectrum exhibits the blue shift of

the transmission spectrum, clearly demonstrating the bandfilling effect. After I ps,

the blue shift starts to recover, indicating the onset of the carrier recombination.

The carrier recombination lifetime is measured from the recovery of the blue shift of

the absorption. This recovery is almost complete in 20 ps. However, a small

residual shift remains for times in excess of 500 ps (which is the limit of our

femtosecond delay line). This residual shift was attributed to carriers confined to

traps. It should be emphasized that the carrier lifetime in glasses is intensity

dependent: it is slow at small incident fluences and becomes rapid at higher

fluences.
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L'ltrafast Switching in GaAs MQ ' Etalons

Carrier lifetime in nonlinear materials usually limits the switching speed of

room-temperature nonlinear optical logic devices because carriers are reponsible for

the change in absorption of the material. The carrier lifetime may be shortened by

proton bombarding of the material, or by applying an electric field (for sweeping the

carriers out of the excited region), or by employing surface recombination. The

switching time can be shortened further by using the optical Stark effect. The effect

is independent of carrier lifetime because the change in absorption is brought aboul

by the electric field of the light. Using the optical Stark effect, optical NOR gate

operation was obtained with subpicosecond on and off switching times in a GaAs-

AIGaAs MQW. This work was performed in collaboration with the Gibbs group

and the researchers at Ecole Polytechnique. ENSTA. France. Figure 8 shows the

demonstration of a high-speed NOR gate. Both switch-on and switch-off times were

slightly less than I ps.

I' Observation of Optical Stark Effect in Semiconductors

As mentioned above, the optical Stark effect may be employed to obtain

' subpicosecond switching speeds. The effect is observed in a two-beam experiment

where a pump pulse is tuned below the band edge in the transparency region of the

semiconductor. The E-field of the pump causes a blue shift of the exciton and band

edge. The shift of the exciton or band results in change in the index of refraction.
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Figurc 8. The switch-on and switch-off times of a GaAs-AIGaAs MQ1V
etalon working as a NOR gate (dashed line) and OR gate (solid line).
The operation of the gate is based on optical Stark effect,

Since the blue shift persists as long as the light field is present, the response time of

the nonlinearity is very rapid. The first observation of the bandgap shift arising

from the optical Stark effect in CdSe has been made. In addition, the optical Stark

shift of the exciton in ZnSe, GaAs, GaAs-AIGaAs MQWs and CdSe has also been

observed. The optical Stark shift of excitons in bulk CdSe is shown in Fig. 9.

Optical Nonlinearity of Electronic Origin and Picosecond Response in MBE-Grown ZnSe

Thin Films

Large excitonic optical nonlinearities were observed in MBE-grown thin films of

ZnSe at T - 300 K and at T = 150 K. The index change for MBE samples (grown

at the 3M Company) were measured and a maximum An/N of 1.8-10- 9 cm' at

room temperature and 9x10 - 9 cm 3 at T - 150 K was obtained. An/N at room

temperature is comparable to the value measured for GaAs. The carrier lifetime in

'- these samples was also measured. The exponential fit to these time-dependent data

gave a value of 230 ps for the carrier lifetime at room temperature for a 0.23-Mm

sample. The lifetime is lengthened to 166 ps for a 0 .6 8 -pm sample. The faster

response for thinner samples is attributed to the enhanced surface recombination rate.

This fast and large optical nonlinearity will be used to realize low-power, high-speed

optical devices. Figure 10 gives the measured response time of a 0.55-Mm ZnSe

sample at room-temperature.
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RESEARCH FINDINGS

Summary of Technical Progress

Brillouin scattering was used to study the elastic properties of metal films

(molybdenum) and superlattices (copper/niobium and molybdenum/tantalum). The

superlattice samples consisted of rf-sputtered, alternating layers of the two constituent

metals (approximately equal thickness). The key experiments involved measuring the

Brillouin spectrum, specifically the Rayleigh and Sezawa modes, as a function of

layer thickness. From these the elastic constants were derived.

For superlattice modulation periods of 20 to 50 A, anomalous softening in the

c44 (but not the cl, or c33) elastic constants was found. Changes of 20% found for

C/Nb and 6% for Mo/Ta were linked to the interfacial strain produced between

alternate layers due to lattice mismatch. The first observation of Love waves led to

the measurement of the c,2 elastic constant for Cu/Nb. which showed no softening

with superlattice period. In addition, the first observation of Stonley waves in

molybdenum films led to a comparison of film mechanical properties at the two film

6 surfaces.

Objectives

The goals of this program were:

i. To develop Brillouin spectroscopy as a non-destructive tool for measuring the

elastic constants of metal films, concentrating on metallic superlattices.

2. To study the elastic properties of metallic superlattices.
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Results

Extensive experiments have been carried out on Mo/Ta and Cu/Nb superlattice

systems with individual layer thicknesses varying from 10 to 200 A and total film

thicknesses of thousands of angstroms. The observed Brillouin spectrum contained

spectral lines attributable to scattering by up to 14 acoustic modes of the superlattice

films. Experiments at a single scattering angle yielded the phase velocity for each

guided mode for a specific value of Qph where h is the film thickness and QP is the

acoustic wavevector. Both scattering angle and film thickness were varied to map

out the dispersion relations; i.e., the phase velocity versus the product Qph.

Computer programs were developed to deduce the elastic constants from the

* dispersion relations for films with hexagonal symmetry. Although these films were

indeed epitaxial with c-axis normal to the surface, they consisted of crystallites

typically thousands of angstroms in size with random orientations in the plane of the

surface. This averaging over orientation results in effectively hexagonal crystal film

symmetry and the experiments led to a determination of the effective hexagonal

elastic constants. Programs were also written to calculate the individual layer elastic

constants for crystallites with known elastic constants (those of the constituent

superlatuice materials) and with random orientation in the plane of the surface. The

elastic constants for multilayer films were then calculated using both continuity of

strain and stress boundary conditions for comparison with experiment. A program

has also been developed, based on scattering theory, to calculate the relative scattering

efficiency for the various acoustic modes.

The following results were obtained for Mo/Ta superlattices:

1. There was excellent agreement between scattering theory and the Brillouin

spectrum.

2. There is a small (a few percent) softening of the c44 elastic constant with

decreasing layer thickness.

3. The observed Rayleigh velocity is -6% smaller than that calculated based on the

elastic constants of bulk Mo and Ta.

4. The c,4 and c3 elastic constants were evaluated as a function of superlattice

period. A small softening in the c., constant with decreasing period was found.

For the Cu/Nb system, the following results were obtained:

1. Again, there was excellent agreement between scattering theory and experiment.
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2. As observed previously by others, there is a minimum in the c, elastic constant

at a superlattice period of 35 A. The minimum found in this work was

shallower than that of previous researchers.

3. A small (12%) monotonic decrease in c 33 with bilayer thickness below 3.0 nm was

also found.

4. Oxygen contamination during sample growth leads to an increase in the Rayleigh

wave velocity.

These results led to one of the principal conclusions of this work, namely that
the softening of the c, elastic constant correlates with lattice mismatches for the

Mo/"Ta and Cu/Nb superlattices. X-ray diffraction has shown that Cu/NL exhibits a

large lattice mismatch whereas Mo/Ta does not. Large mismatches produce strong

strains which in turn weaken the lattice.

Brillouin scattering from Love and Stonley waves has also been observed for the

first time. In particular, Love waves were measured for the Cu/Nb superlattice

system for a range of superlattice periods. These particular modes depend partially

on the c, 2 elastic constant, which cannot be measured in any other way and was

deduced from the measurements. No significant variation in the c1, constant with

superlattice period was observed, indicating that interlayer strain does not affect this

elastic constant.

Stonley waves are acoustic modes which are guided by the interface between

two media, providing a restrictive set of conditions on the relative mechanical

properties are satisfied. For a thick film, the Rayleigh and Stonley waves sample the

film elastic properties at the film-air and film-substrate interfaces respectively. Both

modes were observed experimentally for a molybdenum film on a sapphire substrate

for a range of Mo film thicknesses. Evaluating the c, and c44 elastic constants from

the dispersion curves, the elastic constants at the two film boundaries were found to

be identical to within the experimental accuracy of 9l%.

This program is now complete.
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Introduction

r- Highly nonlinear optical materials are necessary to achieve a controllable optical

interconnect for signal processing and optical computing. This research has

concentrated on the investigation of layered-structure semiconductors in the form of

small microcrystallites. These were chosen on the basis of ease of fabrication and

room-temperature operation, and because their linear absorption spectra indicated that

they exhibit quantum confinement of the charge carriers. Degenerate four-wave
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mixing studies were performed. The magnitude and temporal response of these

microcrystallites suspended as a colloidal solution were analyzed. A theoretical model

of the experimental results has been developed which describes the temporal behavior

of the system and the efficiency of scattering of the small and large gratings. A

large collection of layered-structure semiconductors is now being examined to

determine the most promising candidates.

Objectives

The objective of this research was to investigate the nonlinear optical properties of

layered-structure semiconductors and to compare these properties with known

materials. Experimental study of the magnitude and temporal response of the

nonlinearity was of particular interest. Theoretical study of the underlying physics

of the mechanisms involved in the nonlinear interaction was also undertaken.

Status

Over the course of the past three years, different materials have been investigated

in search of a promising candidate for strong and fast optical nonlinearities. The

emphasis of this search has been layered-structure semiconductors and the

investigations ranged from bulk samples to small microcrystallites. To evaluate

optical nonlinearities, it has been necessary to design and construct a system

consisting of lasers, optics, detectors, and a computer data acquisition and analysis

system. The magnitude and temporal response of the third-order susceptibility has

been analyzed to characterize the nonlinear mechanisms of the investigated materials.

The theoretical efforts have covered the effects of spatial dispersion and the thermal

response of the nonlinear materials.

The effects of spatial dispersion on the response of an optically bistable etalon

were investigated theoretically.' It was found that the expected effects were small

and would not be noticed in a typical experimental setup at room temperature. The

power-dependent spectroscopic reflectivity of a spatially dispersive nonlinear etalon

was also investigated.' The simulations indicated further similarities between local

and spatially dispersive media at high intensities.

The interest in layered-structure semiconductors, having weak van der Waals

bonding between adjacent layers. brought to mind analogies with surface-layer effects

in multiple-quantum-well structures. and led to an investigation of crystals such as

Hgl, and Pbl2. These semiconductors have pronounced excitonic features and a band

edge in the visible region, To probe these materials, a dye laser system was built,

pumped by a Nd:YAG laser having an amplifier, doubler. and tripler. Attempts to
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scan and saturate the exciton in these semiconductors proved unreliable and not

consistently reproducible because of severe laser fluctuation problems and an inability

* to obtain good quality samples with strong reliable excitonic features.

As an alternative approach, layered-structure semiconductor microcrystallites

such as Pbl 2 and Bils in a colloidal solution were examined (in collaboration with

C. Sandroff of Bell Communications Research). These semiconductor clusters

exhibited quantum size effects and it was felt, therefore, that they should have large

optical nonlinearities. The second harmonic of the Nd:YAG laser was used to

perform degenerate four-wave mixing experiments to determine the size of the

nonlinearity.3  The measurement of Xs in Bils clusters was found to be larger than

* that of CS2 but smaller than those of semiconductor-doped glass.'

To better characterize the nonlinear optical response on a subnanosecond time

scale, a probing system system was constructed as shown in Fig. 1. A TEA nitrogen

laser (LN-1000), purchased from PRA. Inc., produces 800-ps pulses at 337 nm. with

1.25 mJ in a single pulse, and a typical repetition rate of a few hertz. These pulses

were used as the optical pump for a home-built grazing-incidence tunable dye laser

and a single amplifier stage. This laser produced approximately 500-ps pulses with

Coumarin 500 dye, and was tunable from 490 to 530 nm. Pulse energies were

4P typically 40 uJ after spatial filtering.

A degenerate four-wave mixing (DFWM) geometry was used to measure the

nonlinear refractive index of the colloidal semiconductor suspensions. The setup has

been designed to also investigate the time evolution of the two spatial index gratings

formed in the nonlinear material. Isolation of a particular grating was accomplished

by rotating the polarization of one pump beam perpendicular to the other pump beam

and the signal beam. In holographic terms, the latter two beams act as the writing

beams, while the former beam acts as a readout beam. A conjugate beam is formed

only if the appropriate third-order diagonal tensor element is finite. By varying the

time delay of the readout beam, the nonlinear refractive index could be measured as

it evolved in time. The strength of the conjugate signal energy as a function of time

delay represents the correlation of the laser pulse and the nonlinear refractive index.

Results of the measurements of the temporal response of the nonlinear refractive

index gratings in the colloidal suspension of Bils semiconductor clusters are shown in

Figs. 2a and 2b. The insets to these figures indicate the geometry employed in the

measurements. The geometry of Fig. 2a results in a grating with a coarse spatial

period of 10 pm. The buildup in time of the conjugate energy reflects the very

slow response of the optical nonlinearity. The fine-period grating (a0.25 um)

produced by the geometry shown in Fig. 2b has a markedly different time response.
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* VND - variable neutral density filter.

SF - spatial filter and beam collimator.

BSI, BS2, - generate backward, forward pump and probe beams

BS3 with proportions of 1. 1 and 0.5, respectively.

.iAtB , AtF - backward and forward time delays with computer

control for fine and manual for coarse motions.

HWP - halfwave plate for control of beam polarization.

L - focusing lens.

PB. PF - backward and forward pump beams.I
C - cell containing nonlinear material.

ND - neutral density filter.

BS3 - 50/50 beamsplitter.
* CONJ - conjugate beam from DFWM.

d SIGNAL - signal beam.

ED. EM - energy detectors and meters.

PC - personal computer for data acquisition and analysis.

Figure 1 Experimental setup for time- and polarization-resolved degenerate /our-wavc
:." ,ixing.

30

I PA..-.



0

{-I-

* 6

°, ,1

2 4

2!O  2eg" -

-- -1 0 1 2 3

"(a) Delay (nsec)
,(a)

IP3 .0 p ......... ............................................

2.0 
"

.'. -" • fillt

.* 4 641

1.5

1 -1.0

0 1 2

Figure. ro a coare and b) fine gratings in a colloidal solution
nf Bl3 semiconductor clusters.

31
4,

J**.i-, l.!~-



The origins of the nonlinearity are attributed to the contributions of both

electronic and thermal sources. An attempt was made, however, to interpret the

4observed time responses based on the assumption that the clusters of Bil3 act as

absorbers which convert the incident radiant energy into heat. The temperature

increase from this local heating. which results in a change in the refractive index of

the solvent, is proportional to the incident intensity of the interference pattern. The

slow buildup shown in Fig. 2a reflects the time which is required to convert the

incident radiant energy to a thermally-induced refractive index change. Figure 2b

reveals the decay of the amplitude of the fine grating due to thermal diffusion.

To describe this interaction, a rate equation analysis was employed which

* includes thermal diffusion, and the subsequent integral equations were evaluated

numerically. The results of this theory are plotted in Fig. 3. The theory gives

reasonable agreement only with the faster buildup of the fine grating. The theory

and the experiments are being refined to better understand the origins of the

I nnlinear response of the colloidal suspension. One point to be considered is that

an-, theor' involving a local nonlinearity should always predict a contribution from

the coarse grating that is greater than or equal to the contribution of the fine grating.

E ,perimentall,, a larger contribution from the fine grating than that of the coarse

4gratmni' was observed for short time periods. This phenomenon can be explained by

nm,,ng that the light was focused into a very small cross-sectional area (150 pum

diameter) to obtain sufficiently high fluences. The grating period for the large

grating was approximately 10 pm, and with only five fringes there was insufficient

* scattering enhancement. This problem did not exist for the fine grating, since its

period was 0.25 pm and there were quite a few fringes traversing the length of the

focal volume (al mm). Thus diffraction from the fine grating was much more

efficient than the diffraction from the coarse grating.

The short pulse experiments, together with the results of the thermal theory,

lead to a better understanding of the results reported from the DFWM with the

longer pulse-length YAG laser. '  In Ref. 3 it was argued that the nearly equal

contribution to the conjugate signal from both gratings implied that the nonlinearity

was not thermal and thus was due to an electronic mechanism. The focal diameter

in that experiment was estimated to be 15 pm with an 8-pm coarse grating period,

and the fine grating conjugate signal was found to be three times greater than that of

the coarse grating conjugate. Only a reduction in efficiency of the coarse grating

due to the small cross-sectional area would explain this effect, assuming a local

nonlinearity. Furthermore, this efficiency loss is expected to also outdo the loss in

the fine grating efficiency because of thermal diffusion. Any argument based in
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RESEARCH FINDINGS

-i This taree-year program was a continuation of a previous program which was

supported by JSOP. DARPA, and the National Science Foundation. Since 1980,

considerable effort has been invested in developing the theory and performing

experiments that probed the linear and nonlinear properties of long-range and short-

C, range surface-plasmon polariton modes. These terms, which were coined in 1981 (see

the first-listed publication), describe the surface plasma modes which propagate along

a thin metallic film bounded by identical or similar dielectrics. The two modes have
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the distinct property that their propagation distance increases (or decreases) as the

thickness of the metal film on which they propagate becomes thinner. The most

important characteristic of the long-range mode, which was discovered in 1982.

concerns the enhancement of its accompanying electromagnetic fields. Both of these

results have been extensively used by this group to explore the following nonlinear

phenomena: second-harmonic generation. X1, optical bistability. and magneto-optic

interactions. Along with the theoretical investigations, experiments were performed in

an attempt to verify the theoretical predictions and determine the limitations imposed

by imperfect conditions. Among these conditions are films having surface roughness,

cermets and inclusions, and light diffraction limitations.

*0 The research in the past three years has been concerned mainly with the

properties of surface-plasmon polaritons which propagate in optically nonlinear or

magnetic media. Expressions for the electromagnetic fields of a multilayer stack were

derived by modification of the Fresnel reflection coefficients. The results on prism-

coupled, nonlinear, long-range surface plasmon polaritons, and on bound and prism-

coupled, long-range surface magnetoplasmon polaritons in a transversely-applied

magnetic field, were compared to previous research on single-interface plasmon

polaritons.

* The reflectance from prism-coupled nonlinear surface plasmons is analyzed

using the infinite plane-wave approximation and a substrate nonlinearity that depends

on the square of the transverse-electric field. Bistable switching requires incident

intensities two orders of magnitude smaller for the long-range mode than for the

single-interface mode. The regime in which the approximations are valid is shown to

extend beyond that of first-order perturbation theory to guided waves that are very

near cutoff. The sign and location of the nonlinearity become significant for these

waves. For positive nonlinearities, nonlinear wave analysis indicates an additional

branch of the reflected intensity curve, attributable to self-focusing of the guided

wave. Positive and negative nonlinearities exhibit different switching intensities.

The propagation constant of the long-range surface plasmon of a magnetic metal

film is shown to shift with the application of a transverse magnetic field. The sign

and magnitude of the shift are highly dependent on the metal thickness and the

refractive indices of the bounding media. The shift is manifested experimentally as

a resonant modulation of the reflectance from the prism-coupled surface plasmon,

resulting from changes in the angular position and width of the plasmon resonance.

Experimental prism-coupling to the long-range surface magnetoplasmon in thin nickel

films confirms the theoretical expectations for a wide variety of sample parameters.

The phase of the magneto-optic coefficient is determined from the angular profile of
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-F the reflectance modulation. Although the shift of the propagation constant may be
_-:' two orders of magnitude smaller for the long-range mode, the modulation signal is the

[ v same order of magnitude for long-range and single-interface magnetoplasmons.
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RESEARCH FINDINGS

Introduction

Research was performed in three different areas:

1. Gratings were fabricated in semiconductor and dielectric surfaces using a

modified Lloyd's interference fringe approach and reactive ion milling. Gratings

with depth-to-period ratios as large as unity and periods varying from 0.18 Pm

to 5.0 pm were made. Nonlinear coupling into guided waves was demonstrated

for a variety of materials, including dielectrics, semiconductors, and organics.

W Preliminary results on a nonlinear distributed-feedback grating have been

obtained in lnSb.

2. Thin nonlinear organic films have been made by spinning and casting. Low-loss

waveguides using grating coupling have been demonstrated in a variety of

4 materials. Nonlinear coupler and nonlinear distributed-feedback experiments

were initiated.

3. Two approaches to optical limiters were developed. Large decreases in coupling

efficiency were obtained when coupling into ZnO thin-film waveguides. This

phenomenon has been theoretically analyzed with excellent agreement between

experiment and theory. It was also shown theoretically that hard optical limiting

is obtained for a thin film bounded by a self-defocusing medium.
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Objectives

The objective of this research program was to investigate the use of electromagnetic

waves incident onto, or guided by. surfaces to probe the fundamental properties of

thin films and surfaces, as well as to perform various optical device operations.

Summary
* Guided Wave Interactions with Gratings

The initial goals were to fabricate gratings for coupling into nonlinear

waveguides and to optically tune the Bragg condition for a distributed-feedback

grating and hence the reflectivity of a grating imbedded in a nonlinear waveguide.

*' High quality gratings have been fabricated in lnSb films produced by sputtering

both at Arizona and the University of Illinois (Champaign-Urbana). and by MBE at

ATT Bell Labs. lnSb films with deep gratings (mark-space ratios of unity) have

been fabricated by holographic writing of gratings in photoresist and subsequent ion

milling. The key to reproducible high quality gratings was to monitor both the

exposure of the photoresist during developing and the ion milling of the InSb in real

time. The films that were rf sputtered at Arizona had both bad stochiometry and

"dissolved" Ar atoms, and proved unusable as waveguides because of large losses.

Although the Illinois films were supposedly epitaxial and single crystal, the ion-

milling process revealed numerous grain boundaries and defects, also rendering the

waveguides unusable. The Bell Labs MBE samples proved to be of high quality, and

low propagation losses have been obtained. Linear coupling losses have led to

(w precision (±0.001) measurements of the refractive index of the films for various

wavelengths.

Angular and power-dependent switching due to thermal nonlinearities has been

obtained for grating couplers fabricated on amorphous InSb films. The angular

dependence of the coupling efficiency into the waveguide was measured. As the

, incident power was increased, the curve became progressively more asymmetric until

switching was obtained on the high angle side. When the incident angle was fixed

near the high-power switching angle and the power was varied, switching was

e .obtained at a threshold power. No hysteresis or bistability was observed.

• Distributed-feedback gratings have been fabricated in MBE-deposited lnSb-film

waveguides. Power-dependent changes in the reflectivity have been observed, but as

yet bistability has not.
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Organic Films

The original goal in this part of the program was to fabricate organic films by

40' the Langmuir-Blodgett (L-B) technique, study their properties, and assess and fabricate

films for nonlinear applications.

Good films have been fabricated up to 400 monolayers thick, which is about the

limit usually quoted for L-B film deposition techniques. X-ray diffraction studies
show multiple peaks with widths consistent for a solid-lattice structure. kuherford

backscattering indicates film densities very close to theoretical; that is. very few
voids inside the film structure. Unfortunately, we found that the propagation lo.:ses

in these films when used as waveguides were too large to be usef.,! for waveguiding.

* and this approach was abandoned.

The nonlinear properties of two organic materials supplied by the Celanese

Corporation have been measured by degenerate four-wave mixing using nanosecond

laser pulses. The nonlinearity was about a factor of two larger than CS2 for one.

and about a factor of 100 larger for the second. Waveguides have been fabricated
by spinning from solution and waveguide losses of I db/cm measured. These

materials were also studied by the nonlinear coupler technique, using grating

couplers, and the dominant nonlinearity was found to be thermal in nature.

" Nonlinear grating coupler techniques were developed for organic materials. The

approach used was to fabricate the gratings in the substrate and then to overcoat the

substrate with the organic film. Coupling efficiencies of up to 40% were obtained
with careful and detailed design of the grating parameters. Gratings for waveguide

Wapplications are now being supplied to a number of laboratories around the country.

Nonlinear waveguides were fabricated by dissolving MNA in polystyrene.

Techniques were developed for including up to 30% MNA in PMMA without

crystallizing the MNA. The resulting waveguides had typical losses of 1 db/cm.

The decrease in coupling efficiency with increasing power was used to study the

nonlinearity with nanosecond iaser pulses. Using chirped gratings, it has been

" demonstrated that high-power pulses can be efficiently coupled into a nonlinear

waveguide, despite the nonlinear coupling phenomenon.

Distributed-feedback gratings have also been fabricated under organic films and

essentially 100% linear reflectivity has been demonstrated. Nonlinear distributed-

feedback experiments are underway.
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Optical Lmiters

The last two years of this program, originally funded through MICOM, have

been funded partially through this JSOP task.

Grating and prism coupling of high-power nanosecond and picosecond laser

pulses into a ZnO (very low loss, 20 db/cm) thin-film waveguide have been

investigated. Optical limiting action was obtained; that is. a reduction in coupling

efficiency by a factor greater than 20 was obtained with increased laser power. At

high powers, all-optical switching phenomena on a sub-nanosecond time scale were

observed within the pulse envelopes. In apparent contradiction to this result, the

relaxation time of the nonlinearity was measured directly under the coupler to be

* -1 gs, identifying it as thermal in origin.

All of the phenomena described above were successfully interpreted in terms of

a nonlinear traveling wave interaction between an incident field and a guided wave.

characterized by a power-dependent wavevector. The switching phenomena is caused

I. by a nonlinearly produced phase mismatch between the two fields, and the switching

time is determined solely by the pulse power and not the nonlinearity relaxation time.

The properties of waves guided by thin films bounded by self-focusing media

were pursued further. It had previously been established that for two self-focusing

.| bounding media, it is possible to have three stable field distributions, all characterized

by the same guided-wave power. It has been established through numerical

propagation studies that all three can be independently excited by focusing Gaussian

beams onto the endface of a nonlinear waveguide. The Gaussian beam parameters.

*g positioned relative to the film center and half-width, are different for each of the

three waves.

Another numerical experiment focused a Gaussian beam onto the waveguide

endface with beam parameters chosen for optimum coupling to low-power guided

waves. As the incident power was increased, there was an upper value to the
4 power guided by the film. If larger powers are incident, the additional power is

emitted in the form of spatial solitons. the number of solitons being determined by

the limiting value of the power which can be guided by the film. An additional,

preliminary calculation has established that a soliton can be partially trapped by a
4 thin-film waveguide when it is incident upon it. This makes possible logic devices

based on soliton emission and capture.
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Summary

The purpose of this work has been to design, fabricate, characterize, and test the

optical properties of multilayer coatings for operation in the soft x-ray or extended

ultraviolet region of the spectrum (approximately 10 A to 300 A, referred to as the

4P: X-UV). Normal-incidence mirrors for a variety of wavelengths, beamsplitters,

polarizers, and a narrow-pass Fabry-Perot interferometer have been designed. It is

believed that this remains the only U. S. university with a complete x-ray optics

program. including capabilities for the design, fabrication, characterization, and testing

of multilayer coatings for the X-UV.

Results

Several computer programs for calculating the reflectivity of multilayer coatings as

a function of wavelength and as a function of incidence angle, with and without

4 interfacial roughness, have been implemented. These programs have been completely

tested by reproducing theoretical results in the literature for the X-UV reflectivity of

various multilayer mirrors, and by performing design calculations which were

subsequently verified by fabricating the appropriate multilayers in this laboratory and

4 testing them at a synLhrotron.

A data base has been assembled, consisting of a complete set of optical constants

(real and imaginary parts) for all elements from I to 94, and for wavelengths

between 6 and 124 A. For a few materials of particular interest (e.g., crystalline

41 and amorphous Si. W, Mo) this has been extended to longer wavelengths.
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During the past year, several types of multilayer coatings were fabricated.

including beamsplitters, polarizers, a Fabry-Perot etalon, and reflectors for several

incidence angles. Operational wavelengths for these structures range from 31.6 to

210 A. A set of Si/W normal-incidence reflectors for 210 k radiation, and a Si/Mo

normal-incidence Fabry-Perot reflector for 150 A,. were tested with synchrotron

radiation. The remainder of this section briefly describes the fabrication procedure

used for the Si/W mirrors, as well as results of an extensive series of

characterization measurements, model fitting, and synchrotron tests on the Si/W\

samples. It is believed that this is the first time such a comprehensive set of

characterization techniques has been applied to a multilayer x-ray coating. As shown

in Fig. 1. reflectances for -200 A. calculated using the results from these various

characterization techniques, were found to agree very well with measurements

obtained with synchrotron radiation. Thus, it has been demonstrated that the use of

a suitable set of complementary characterization techniques can determine in detail

the properties of the as-deposited films in a multilayer (i.e., prediction of layer

thicknesses, interface roughness, chemical contamination, and oxidation of the

outerm~ost layer) and therefore enable prediction of the performance when operated in

the X-U\. This development is felt to be a significant contribution to the field of

multilaver x-ray opti-s.
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Figz!rr I Afca~urcd and calculated near-norma' incidence reflectivity for a
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Carbon has been the "spacer" of choice for much of the X-UV spectrum

', because of its generally low absorption and the smooth interfaces that form when
.

interlayered with many metals. However, interest in the use of silicon as a spacer is

justified for several reasons. Silicon has lower absorption than carbon at

wavelengths just below the carbon K-edge at 44 A. and also at wavelengths

immediately above the silicon L-edge at 124 A. There are important potential

applications for normal-incidence optics in both these regions; for example. for x-ray

lasers where light amplification at 206.3 and 209.6 A has recently been demonstrated,

and for free-electron lasers (FEL) operating in this wavelength range. For

wavelengths below 44 A, there is additional interest in soft x-ray microscopes for use

* in biological research.

The study of Si/metal multilayers is also of interest because of the possible

fabrication of fully crystalline multilayers which could withstand the effects of high-

intensity radiation much better than polycrystalline or amorphous ones.

Recrystallization could not occur, thus eliminating an effect which greatly increases
I ,surface roughness or even destroys the layered structure in a multilayer. The unique

(in the x-ray optics field) molecular beam epitaxy (MBE) capability available here,
• 'will allow, for the first time, investigation of possible improvements in the

performance of multilayers based on crystalline Si.

The deposition system used to date in this laboratory for the fabrication of the

Si/W samples described here is built around magnetically-confined dc-sputtering guns.

The sputtering rates are feedback-controlled through an empirical relationship

between sputtering rate, target voltage and current, target size, and substrate-to-target

distance. The motion of the substrates over the guns is governed by a servo-

controlled motor operated by a microprocessor. These combine to allow layer

thickness control of better than 0.3%.

Under the deposition conditions used in this sputtering system, smooth layers of

amorphous Si and of oriented polycrystalline W with layer-thickness-limited crystallite

size were obtained. A cross-section transmission electron micrograph (TEM) of one

of the Si/W samples is shown in Fig. 2.

The characterization techniques applied to the multilayer coatings were low-

angle x-ray diffraction with Cu and C radiation, Bragg-Brentano and Seemann-Bohlin

diffraction. Read camera studies, transmission electron microscopy, and Rutherford

backscattering spectroscopy (RBS). The characterization procedure developed over the

past several years using these techniques has been very useful in determining how to
modify an initial design or the deposition procedure, to improve the reflectance

characteristics. This work has demonstrated that the performance of such coatings,
i 50
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Figure 2. Cross-sectional TEM of one of the Si/W samples.

and the causes for deviations from ideal behavior, can now be fully understood.

RBS was used to determine the oxygen and argon content in the interior of

* these particular samples, demonstrating that the chemical quality of the samples wasI
very gcod. X-ray diffraction measurements in 020 configuration and at grazing

incidences were performed for one sample on the low-angle diffractometer of the

Institut d'Optique (Universite de Paris XI, Orsay). The bilayer spacing

(a - dW + dSi) was determined accurately from the Bragg peak positions and, by

fitting model calculations to the measured curve, the thickness ratio (-Y - dW/A), rms

roughness of the layers, and the thickness of oxide on the top W layer were

deduced.

With high-angle x-ray scans of the samples using the Bragg-Brentano diffraction

geometry, it was determined that both Si and W were deposited with very small
U crystallite sizes, since no diffraction peaks were observed. Wide-film Debye-Scherrer
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(Read) camera exposures of the samples exhibited broad lines corresponding to

polycrystalline tungsten and to amorphous Si. Using an x-ray diffractometer in the

Seemann-Bohlin configuration. the crystallite size in the W layers was determined to

be 37 A for the multilayer, strongly suggesting that the crystallites are limited in size

by the thickness of the tungsten layers in the sample (39 A).

From the above data, the density of the W in the sample was calculated and

found to be almost 10% less than bulk density. From the fitting procedure for the

low-angle x-ray data, the layer thicknesses were determined to be dSi = 73.0 A and

dW = 39.4 A. This value for dW is 4.8% higher than the intended thickness of

37.6 A. which is the amount to be expected when the W density in the multilayer is

lower than bulk. This points out the necessity of careful structural characterization

of the multilayers.

To summarize, various complementary techniques were applied to determine the

detailed structure of the multilayer mirrors. These allowed calculation of the

expected performance of the mirror without requiring adjustable parameters for the

structure. It is believed that this was the first time such a set of characterization

techniques were applied to a multilayer x-ray mirror.

The same Si/W multilayers which were characterized in detail were tested at

several incidence angles using synchrotron radiation in the 120 to 280 A region.

These tests were performed at the ACO Synchrotron at L.U.R.E., Universite de Paris

XI, Orsay. The multilayers were tested at various angles of incidence between 50

and 450.

One set of reflectance measurements has been shown in Fig. 1, together with

values calculated using the results of the structural characterization procedure,

without any adjustable parameters Considering the uncertainties in the optical

constants for Si in the 200 A region, the agreement between calculation and

measurement is excellent.

The research described above, conducted in this laboratory during the past three

years, has shown how both multilayer densities and layer thicknesses can be

accurately determined by combining RBS and low-angle x-ray diffraction results.

The complete characterization procedure described here has removed uncertainties in

the structure and resulted in excellent agreement between measured and calculated

results for the X-UV performance. The present limit is imposed by uncertainties in

the available optical constants for the X-UV.

With JSOP support, the capability to design, fabricate, characterize, and test

multilayer coatings for the X-UV has been developed. It is felt that there is no

better-equipped university laboratory in the world for this type of research.
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* The use of biased conducting masks during the ion etching process to control the

edge roughness and the edge profile of photolithographically defined features was

investigated. An Al-glass-ZnS-A1 structure as shown in Fig. I was used to assess

the process for the formation of optical rib waveguides. A positive voltage on the

upper electrode deflected the incoming ions in the vicinity of the stripe, altering the

edge profile.

Metal

r ZnS

- GlassT,
_ Metal

Figure 1. Schematic of biased ion milling sample.
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Earl) results on Ni-glass-ZnS-Ni structures were encouraging, despite extreme

roughening of the edges of the waveguides. Since beginning the project, the

processing technique has been substantially improved, confirming the early results on

edge-profile modification, with spinoff improvements in the quality of planar ZnS

'.. waveguides.

Experiments have been performed on ZnS waveguides on both oxidized Si and

glass substrates ( >0.5 mm thick), with Al masking electrodes. Four stripes, with

-" widths of 50 to 100 jum, were spaced 5 mm apart on each substrate, to minimize

crosstalk between adjacent electrodes. The voltage, applied between a ground plane

on the reverse side of the substrate and the electrode above the waveguiding layer,

* gwas varied between 0 and 400 V. The angle between the substrate surface and the

waveguide edge could be varied from near normal incidence to less than 650 by

argon ion milling in the presence of the field. Data for contact angle and sidewall

roughness versus applied voltage are shown in Fig. 2. The contact angle obtainable

was limited by the increase in milling time required for large applied voltages.

-. (Larger angles should be attainable by reducing the substrate thickness and using

lithographically defined ground stripes to increase the field gradient at the electrode

edges.) Smooth top surfaces of the guide, and acceptably smooth edges were

obtained. Examples of the milled edges are shown in Figs. 3a and 3b, for applied

voltages of 0 and 300 V. respectively. Propagation losses in the guides. illuminated

.%. with 0.628 jum light, were comparable to those observed in planar guides, as would

%. be expected because of the large width of the stripes. Smaller stripe widths will be

required to make a detailed assessment of value of the technique for loss reduction.

As part of the project, it was necessary to develop ZnS films resistant to the

wet-chemical processing involved in photolithography. Thick films of ZnS (>1.0 gim).

required for waveguiding, are highly stressed, and typically delaminate from the

substrate. Using ion precleaning of the substrate, and concurrent ion bombardment of

S the first 1000 A of ZnS that was deposited, thick films with good adherence

properties were obtained.

Funded 10/85 to 10/86.
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Objectives

Prepare and characterize the linear optical properties of mixed-phase materials that

are of potential use in nonlinear applications.

Use effective medium theory to calculate optical properties for comparison with

experiment.

Progress

In the first nine months of this contract, calculations of the optical properties of

semiconductor-metal (ZnS/Au and ZnS/Zn) and semiconductor-dielectric (CdS/glass)

mixtures have been made, and initial film depositions have been performed. In the

case of the metal-semiconductor mixture, it is anticipated that the resonant absorption

at long wavelengths may be used for efficient driving of the thermal nonlinearity of

the semiconductor host. In addition, it is expected that second-harmonic generation

will be enhanced because of symmetry breaking at the surface. The characteristic

band-edge absorption for the small semiconductor particles in the dielectric host may

also be used for probing nonlinear properties of the material.

Film depositions corresponding the the first set of calculations revealed

difficulties in precipitating gold into particles, so the system in use now is Zn on

ZnS. Depositions of this mixture have been made, but experiments on second-

harmonic generation (SHG) in alumina thin films demonstrated that minute amounts of

anisotropy in thin films, due to deposition conditions, affect the SHG signal

significantly. Therefore an investigation of the sensitivity of ZnS (without metal

particles) to deposition conditions is underway to eliminate spurious effects. Since

ZnS is non-centrosymmetric, the SHG is extremely sensitive to film structure, and it

has been necessary to upgrade the deposition system to include an optical monitor

and residual gas analyzer. Once the required repeatability in the production phase
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has been achieved, meaningful studies of SHG in ZnS may be made and compared to

both the calculations and to metal/ZnS mixtures.
SqEarly attempts to deposit CdS/oxide mixtures to create semiconductor precipitates

were unsuccessful, because of the formation of CdO. Experiments with production

of CdS/ZnS are now underway.

Funded 1/87 to 10/87.

.:-4

.

-57

IrW

I

'p.'

'p1

57



I-

QUANTUM THEORY OF MULTIWAVE MIXING

Murray Sargent III

PUBLICATIONS

lp D. A. Holm and M. Sargent II1, "Quantum theory of multiwave mixing VII.

% Connection to quantum Langevin theory." Phy. Rev. A 33, 4001 (1986).

D. A. Holm, M. Sargent III, and B. A. Capron, "Generation of squeezed states by

• nondegenerate multiwave mixing in two-level media." Opt. Lett. 1I, 443 (1986).

B. A. Capron. A. S. Marathay, and M. Sargent I1. "Theory of two-photon Doppler-

broadened probe absorption," Opt. Lett. 11. 70 (1986).

° B. A. Capron and M. Sargent I1l, "Effects of ionization and cascade decay on two-

photon two-level interactions," Phys. Rev. A 34, 3051 (1986).-p

B. A. Capron and M. Sargent II1, "Effect of Doppler broadening on two-photon

multiwave mixing," Phys. Rev. A 34, 3034 (1986).

D. A. Holm, Sunghyuck An, and M. Sargent Ill, "Solution of the quantum coupled

mode equations." Opt. Comm. 60, 328 (1986).

O D. A. Holm and M. Sargent Ill. "Quantum theory of multiwave mixing VIII.

Squeezed states," Phys. Rev. A 35. 2150 (1987).

B. A. Capron, D. A. Holm. and M. Sargent Ill, "Quantum theory of multiwave

mixing IX. Squeezed states in two-photon media," Phys. Rev. A 35, 3388 (1987).

S. An. B. A. Capron. and M. Sargent III, "Nondegenerate phase conjugation with no

pump spatial holes," Opt. Comm. 64. 307 (1987).

*l R. W. Boyd and M. Sargent III, "Population pulsations and the dynamic Stark

effect," J. Opt. Soc. Am. B (1988), special issue edited by the authors.

G. Khitrov.a. P. Berman, and M. Sargent IIl, "Theory of pump-probe spectroscopy."

J. Opt. Soc. Am. B (1988).
aJ.

-'p

58

.I,

U.. % %~* , ** , *~ * * ~ .~***.~ ",-,--.



M. Sargent 111. "Instabilities due to quantum multiwave mixing," Opt. News 12, 111

(1986).

B. A. Capron, D. A. Holm. and M. Sargent II1, "Squeezing in nondegenerate two-

photon two-level media," Opt. News 12, 144 (1986).

D. A. Holm and M. Sargent III, "Quantum theory of multiwave mixing in two-photon

* two-level media," Opt News 12, 144 (1986).

M. Sargent Il, "Efficient entry of mathematical equations." Opt. News 12, 212 (1986).

S. An, B. A. Capron, and M. Sargent Ill, "Phase conjugation without spatial holes,"

Opt. News 12, 216 (1986).

B. A. Capron and M. Sargent II1, "Nondegenerate two-photon phase conjugation,"

Opt. News 13, 101 (1987).

G. Khitrova, P. Berman. and M. Sargent II, "New lineshape profiles in two-wave

mixing," Opt. News 13, 139 (1987).

G. Khitrova. P. Berman, and M. Sargent II1, "Theory of pump-probe spectroscopy,"

3 .. Opt. Sci. Am. B (1988).

S. An and M. Sargent Ill, "Generation of squeezing in two-photon three-level media,"

submitted to Opt. Lett.
Yo-

Presentations

D. A. Holm and M. Sargent III, "Squeezed states in nondegenerate four-wave

mixing." XIV International Conference on Quantum Electronics, San Francisco, CA

(1986).

B. A. Capron and M. Sargent Ill. "Generalized two-photon multiwave mixing," XIV

International Conference on Quantum Electronics, San Francisco, CA (1986).

M. Sargent Ill. "Squeezing and the quantum beat laser." XV Winter Colloquium on

Quantum Electronics, Snowbird. UT (1987).

D. A. Holm and M. Sargent Ii, "Effects of quantum noise on phase conjugation,"

I' XV International Conference on Quantum Electronics, Baltimore, MD (1987).

S59

.1S



M. S. Zubairy, M. 0. Scully, and M. Sargent IIl. 'Generation of squeezing in the

quantum beat laser." XV International Conference on Quantum Electronics. Baltimore,

MD (1987).

M. Sargent 1ll. "Optical instabilities due to quantum multiwave mixing." International

Workshop on Instabilities. Dynamics, and Chaos in Nonlinear Optical Systems. Lucca,

Italy (1987).

SCIENTIFIC PERSONNEL

M. Sargent Ill

D. A. Holm

B. A. Capron (Ph.D. 1986)

S. An (Ph.D. 1988)

RESEARCH FINDINGS

Considerable progress has been made over the past year. The minor

discrepancies between our formulations and those of Reid and Walls' have been

resolved, the groups all now predict squeezing in various tuning regions in two-level

media, in agreement with the experiments of Slusher and others.' The theory for the

two-photon two-level model has been developed, predicting nearly perfect squeezing

even for near degenerate operation with small pump intensities. This is attributable

* to the fact that four-wave mixing occurs in fourth-order in the atom-field interaction

energy, while spontaneous emission requires eight orders and a correspondingly larger

pump field.

The two-photon results could provide a squeezer using atomic beams that works

considerably better than those achieved in beams to date. The small pump intensities

required also can be described by relatively simple theory. This understanding may

be applicable to the physics of semiconductor lasers. It is also conceivable that the

media studied here may provide methods to increase the signal to noise in critical

measurements: if so. these methods will have considerable impact.

The author also coedited a special issue of the Journal of the Optical Society of

America dedicated to population pulsations and the dynamic Stark effect. This issue

wil appear in January 1988. These phenomena are responsible for the generation of

squeezing in two-level media, as well as a host of other phenomena.
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-' RESEARCH FINDINGS

Goal

Assess the potential of GaAs etalons for nonlinear decisionmaking for optical signal

processing and optical computing. Many improvements have been made and some

limitations have been found. Major achievements include ps gating, array fabrication,

theory/experiment of bulk GaAs band-edge nonlinearities. and waveguide optical

, bistability by means of an electronic nonlinearity.

One-Picosecond NOR Gate1 , ;0'4. , " 2 2"

It was de.nonstrated at ENSTA that a GaAs Fabry-Perot can be shifted in I to

- 3 ps; therefore a logic decision can be made in that time period. Thermally stable

NOR-gate operation can be achieved; that is, the NOR gate operates properly

regardless of pulse sequence.

Exciton Blue Shift6,9, 1, 14,15,8,34

An intriguing shift to higher energy of the free exciton occurs for high exciton6

density in superlattices with 2!50 A wells and barriers. At ENSTA. femtosecond

time-resolved studies of the exciton blue shift and bleaching were performed as a

function of well and barrier thickness with the conclusion that the blue shift is a

lp ,two-dimensional quantum-well effect and not a superlattice effect.

GaAs Arrays" ,"31
41,42,43,48,52,54,55,56,57

A layer of 1.5-pm-thick undoped GaAs was grown by molecular beam epitaxy

* over an 2-0.2 pm undoped Alo.4Ga,.,As layer at Cal Tech. The top AIGaAs window

was eliminated to enhance surface recombination (in all the previous work, the GaAs

layer was grown with AIGaAs layers below and above). An array of 9x9 pm'

pixels was defined by plasma etching in a freon, helium, and oxygen gas mixture.

The array, which consisted of over lOOxlOO devices, was placed between two

S' partially reflecting mirrors, forming a two-dimensional array of nonlinear etalons.

Shown in Fig. I is a portion of the array, photographed through a microscope.

.. M. Warren traveled to Cal Tech for instruction in plasma etching of arrays. and he

aided T. Venkatesan (visiting Cal Tech from Bell Communications Research) in
, fabricating the device described above. A plasma etcher (purchased with funds

provided by a DOD equipment grant) is now in place at OSC. Different masks have

been designed and purchased and used for array. waveguide, and quantum dot

fabrication in Tucson.
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* Figu.re I Two-dimensional array of 9x9 jim' pixels prepared by reactive
ion etching.

Measurements of the switch-off time of the array were also performed at OSC.

The device was studied as an array of optical-logic NOR gates in a pump-probe
Wexperiment. In optical gates, the transmission of a low-intensity probe beamn (gate

output) is modified by the application of one or two pump beams (input to the gate).

Fast recovery time (<200 ps) was observed for a single element of the array at room

temperature. The fast recovery time is attributed to faster surface recombination of

* carriers at the GaAs-dielectric mirror interface as compared to that at a GaAs-

AIGaAs interface. The streak camera traces of the optical gates for one pixel of the

two-dimensional array are shown in Fig. 2. NOR gate action is also displayed in an

arrayless sample that shows a gate recovery time of 300 ps. The I-ps switch-on

* time (reported above for a single GaAs-AIGaAs device) and 200-ps recovery time are

the fastest reported for such low-energy nonlinear optical devices.

Bistability has also been observed at 150 K with Nd:YAG-pumped dye pulses of

alO ns. Operation was at relatively low powers (a5 mW), but switch-off was not

* especially fast.
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Figure 2. Streak camera trace for NOR gate in GaAs etalon with and
Lwithout etched array.

Optical-Logic-Gate Recovery Time 7 ,'2 ,35 47

Previously described GaAs nonlinear etalon gates have shown 10 to 20 ns (with

AIGaAs windows) or 2200 ps (no top AlGaAs window) recovery time. Proton

".i damage and reduction of the sample thickness to enhance surface recombination have

been investigated. Two successive AND gate operations have been performed with a

separation of only 70 ps using a 0.3-pm-thick windowless bulk-GaAs etalon: see

Fig. 3.
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Figure 3. 70-ps cvcec time of the 0.3-/un windowless GaAs etalon
(20 pJ/input) operated as an AND gate.
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Gate with Subpicosecond Recovery .,.,..

By shining intense light on a multiple-quantum-well sample, it is possible to iniduce

a large blue shift of the excitons through the optical Stark effect. But the
wavelength of the light must be in the transparency region to avoid the production of

.. carriers that would give a recovery time of many picoseconds. These experiments.

performed at ENSTA. required about 1 pJ/gm2 (see Fig. 4).

828 3 nm

[".".- 
. .. *-~ 1

0 02 04 0.6 0. 1 J2 14

t (Psec)

Figurc 4. Transmission as a function of time of the etalon at two
wavelengths on each wing of the transmission peak. The maximnum
amplitude has been normalized. Note the incomplete recovery of the high-
energy tail.

V Direct Measurement of Dispersive Nonlinearities in GaAs 44 , 48

Nonlinear refractive index changes in GaAs were directly monitored by measuring

Fabry-Perot transmission peak shifts. These changes correlate with those obtained by

Kramers-Kroning transformations of the nonlinear absorption under identical pumping

V conditions. The maximum refractive index changes are about -0.06 below the

bandgap. Thermal refractive index changes were also measured directly to obtain

thermal stability conditions on nonlinear etalon devices based on GaAs.

Room-Temperature Optical Nonlinearities in Bulk GaAs 1 ,2 1,37,3 9,40,, 1 45 4 8,49,53,55,58

Quasi-cw pump-probe measurements of room-temperature excitation-dependent

absorption spectra of bulk GaAs are reported and compared to the Banyai-Koch

plasma theory; see Fig. 5. The good agreement gives some confidence to the

/'b theoretical conclusion that band-filling and screening of the continuum-state Coulomb

enhancement are the dominant nonlinearities. The absorption change. plus the

Kramers-Kronig calculation of the nonlinear index, agrees well with direct

measurements made by determining shifts of Fabry-Perot peaks (see preceding

subsection), Not only are the results important for understanding band-edge physics,

0: but they will be useful in modeling and optimizing nonlinear devices utilizing these

room-temperature nonlinearities; see Fig 6.

"'I 73

J""!t'qpN.t



120,- 7 00

a2

12

%6 050 
0 0

I"I._>

d) GaAs 10

,.-,0030- 
,..i 00 7 

. 
- !. D

,,An 0an 0

bib

0-000

-0060

144 .. .a % Lo 0 o
Enerqy (eVI (.- E)llE

Figure 5. Room-temperature bulk GaAs optical nonlinearities; experiment
and theory: (a) experimental absorption spectra for different excitation
powers P (roi') - (1) 0," (2) 0.2, (3) 0.5; (4) 1.3; (5) 3.2 (6), 8: (7) 20:
(8) 50 on a 15-jim diameter spot; (b) nonlinear refractive index changes
corresponding to the measured absorption spectra; the curves (a-g) in

W Fig. 5(b) are obtained by the Kramers-Kronig transformation of the
corresponding experimental data (2-8) in Fig. 1(a); (c) calculated
absorption spectra for different electron-hole pair densities N (cm - ') -
(1/ 101 . (2) 8x]O'." (3) 2×010; (4) 5x10]"; (5) 810 ,•  (6) 1018:
(7) J.5xO , ;8 = 1.420 el and ER = 4.2 meT"; (d) calculated nonlinear
refractive index changes. The curves (a-f) in Fig. 5(d) are obtained fron

W the curves (2-7) in Fig. 5(c), respectively.
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Figure 6. Single-wavelength NOR-gate operation in reflection predicted by
comnputer simulations using the Banyai-Koch plasma theory for the GaAs
band-edge nonlinearities.
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* . Waveguide Optical Bistability of Electronic OriginS,°.1 ,5 4.55, 5,5 7

The reactive ion etching research has concentrated on designing and fabricating

, bulk GaAs and GaAs/AIGaAs multiple-quantum-well (MQW) waveguides and testing

their nonlinear properties (see Fig. 7 and Fig. 8). Optical bistability of electronic

origin has been observed in strip-loaded waveguides in a GaAs/AIGaAs MQW

structure, see Fig. 9. This is an important first step in nonlinear waveguide

operation. The addition of a gas channel for use with Cl2 or BCI, was necessary for

AlGaAs etching. Future reactive ion etching work will involve fabrication of strip-

loaded-waveguide single-channel Fabry-Perots and directional couplers, uniform arrays

of nonlinear devices, and quantum-dot structures.

"'" At' G~' -AS

!.C~r 0.kr"3C;
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Figure 7. GaAs/AlGaAs MQW strip-loaded waveguide structure.

4

b

4P

Figure 8. SEM micrograph of strip-loaded waveguide after etching and
I ' removal ol photoresist layer (some photoresist remains). The scale bar in

the micrograph is 5 pm
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Figure 9. Experimental input-output behavior of a bistable MQIV
wave guide operating at 867 nm. The upper trace is the output pulse and
the lower trace is the input. The trace in the lower left is a plot of output
versus input.
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RESEARCH FINDINGS

Introduction

- The goal of this project was to fabricate ZnS interference filters that were

sufficiently uniform to demonstrate optical logic, cascading, fanout, and simple logic

circuits with a moderate amount of parallelism. This goal was achieved, but the

most impressive demonstrations were made after the termination of JSOP funding for

the project.
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Growth of Interference Filters'.

An Edwards 24-in. box coater. a venerable system that required considerable work

to recommission, was made to operate reliably. About 25 runs were made with this

system in the process of optimizing the narrowband filters that incorporate the ZnS

and ZnSe. These narrowband filters consist of 17 layers with the following design:

Air I [HL]4 HHHH [LH]4 I Substrate

to where H denotes a high-index quarterwave optical thickness of ZnS or ZnSe and L

denotes a low-index quarterwave of chiolite (S(NaF).3(AIF)). The exponents indicate

that the sequence in the square brackets is repeated four times, and the four H

layers in the middle represent one full-wave layer, the spacer layer. The substrates

were 2-in. squares of glass.

Optical and quartz crystal monitors controlled the thickness. For the ZnSe

films, the source for the optical monitor was a HeNe laser at 6328 A. For the ZnS

films, an optical fiber carried a beam of laser light at 5145 A from another lab.

The base pressure for the chamber was about 3.5x10 -6 torr. Thermal sources with

tantalum or molybdenum boats evaporated the zinc chalcogenides, after which the

vapor moved 30 cm to the substrates, which were not intentionally heated.

After deposition, the transmittance and reflectance of the coatings were

measured on a Cary 14 spectrophotometer.
*

Switching Power versus Spacer Thickness 22

The goal was to determine the effect of cavity length on the optical performance,

particularly the minimum power and detuning. Keeping the finesse of the cavity

S constant, the order number, m. which is the number of halfwaves in the cavity, was

varied. Cavities of 1, 2, 3, 4, and 6 halfwaves of optical thickness with a design

wavelength of 514.5 nm were produced.

The filters were deposited at ambient temperature using an Airco-Temescal

Supersource electron beam gun operating at 9.6 kV. The optical monitor used an

air-cooled Ar + (230 mW) laser as the light source. The simple rotating substrate

holder was a flat plate in which the center substrate was directly monitored.

The films were sealed by cementing a coverslip with Norland 61 cement and

7 cured for 24 hours under mild UV irradiation. This procedure retards moisture

penetration and subsequent drift and degradation of the filter. Both the substrate

and the coverslip were 50x50 mm Kodak slide cover glasses.

The linear, low-power characteristics of the sample were then determined with

a Cary 14 spectrophotometer. By sampling various locations, the transmittance

uniformity of the filter was determined. Figure I shows a typical transmission curve
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for two locations on a filter separated by 10 mm. The peak transmittance is

adequate, but less variation in the passband wavelength would be required for
simultaneous operation of a large number of spots.

100

80

U B
Z 60
I-

S40.
*Az
X 20 /

0L
-0.05 6b 0

.J PHASE (616,w)

Figure 1. Transmittance peak measured at two points separated by 10 mm.
60 = mir is the phase thickness of the spacer. If straight line A is the

0 maximum-irradiance load line, then 6b is the maximum initial detuning for
bistable operation on the spot with the right-hand transmittance curve. The
spot with the left-hand transmittance curve will switch on with a much lower
I, corresponding to the slope of load-line B.

The nonlinear experiment consisted of tuning the filter off resonance by roughly

the halfwidth (FWHM) of the filter. The output intensity as a function of the input

was then obtained for several locations. The beam from an argon-ion laser (2 W

total output) is ,nodulated either with an A-0 modulator or a rotating halfwave plate,

and has a spot size of roughly 50 Am at the bistable filter

Figure 2 is the observed minimum power in our experiments compared to the

predicted power. There is qualitative agreement in the shapes of the two curves,

which appear to converge for thicker cavities. Observed minimum threshold values

are consistentl smaller, by a factor of approximately 1/2, than the threshold

prediction for an optimum cavity.
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Figure 2. Predicted and observed threshold power as a function of spacer
thickness in halfwaves.

Parallel Operation"'

The filters showed constant operating characteristics for optical bistability over a

4p 4 cm' area. The variation in switch-on time and intensity was less than 25% over

., 4 cm'. The location of the transmission peak was within half of the instrument

width over this area, as shown in Fig. 3.

Two-dimensional arrays of a large number of pixels have been envisioned to operate

, Osimultaneously in a parallel-processing device. Optical combinatorial logic, processor-

to-processor communications, and crossbar interconnection are only a few of the

possible parallel operations that can be addressed by a two-dimensional pixel array.

Here attention was concentrated on 5145-A ZnS interference filters because large Ar

lasers with cw power in excess of 10 W are available, thus facilitating large-array

processing. The array is defined here by dividing the beam and focusing on small

areas on the device. Simultaneous switching of multiple pixels on the ZnS filter has

been demonstrated using a fly-eye lens array. In the first experiment, three pixels

were defined by illuminating three 8-mm focal length lenses cemented into an

equilateral triangle geometry with 3-mm center-to-center separation, producing

simultaneous bistable operation, as shown in Fig. 4.
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Figure 3. Spectrometer traces for two locations on a nearly uniform ZnS
interference filter. Solid line for the center of a filter and qashed line for
20-mm radial displacement from center showing less than 12 A shift in peak
transmissions.

.1.

Figure 4. Simultaneous bistable operation of identical inputs separated by
3 mm on a ZnS interference filter.

First Observation of Kinks using Thermal Nonlinearity in a Color Filter°,1,1 ,'5

Because of the local nature of increasing absorption bistability (i.e.. external

feedback is not necessary), it is possible to observe partial sample switching in the

propagation direction. If the input is ramped on. the discontinuity between the front
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"off" portion and the remaining "on" portion jumps deeper and deeper into the filter

(see Fig. 5). Color filters consist of semiconductor crystallites (:100 to 1000 A in

* size) embedded in glass in a concentration low enough that millimeter distances are

needed for oiL - 1, compared with micrometers for pure crystals. Thermal kinks

would be difficult to see in pure crystals because longitudinal conduction switches

the whole sample simultaneously.

EXPERIMENT SIMULATIONS
(a) (a')

* U)
W(l.Osldiv) t 0 Os/div)

__ (b) (b')

LU I
i~V,

t(05s/dv) t(O.5s/div)
z4

(c) W)

• t (.2s/d ) t .2sldiv)

Figure 5. (a)-(c): Experimental kinks in a Corning CS3-70/No. 3384
sharp-cut color filter of thickness L - 2 mm for the same peak intensity.
The rise time of the triangular input pulse is decreased from (a) to (c).
(a')-(c'): Numerically calculated normalized ll(t) and IT(t) for three
different values of At/r: (a') 350, (b') 175, and (c') 70. The thickness of
CdZnxS1.x is taken as 2.5 um.

Interference Filter Optical -Bistabi I ity Demonstration 14

A demonstration was constructed and operated at the OSA Topical Meeting on

Optical Bistability (OB3) held in Tucson. on December 2-4. 1985. The demonstration

consisted of an interference filter, air-cooled argon laser, and the optics required to

permit visual observation of bistability as the input intensity was ramped up and

e, down over a time span of a few seconds. The exhibit was a success, particularly as

an explanation of bistability for the uninitiated.

Pattern Recognition 9

A ZnS interference filter was used as an AND gate array for identifying the

occurrences of two adjacent bright spots horizontally in an arbitrary 2x3 input array.

The basic concept is define six input beams with a lens array, insert a mask to block
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as many of those beams as desired, split the beams into two sets, shift one set right

one position horizontally, and recombine them on an AND gate, as shown in Fig. 6.

The output of the AND gate has a bright spot only if that spot received light from

both the unshifted and shifted sets, so a bright spot appears on the right-hand spot of

an adjacent pair. This simple pattern recognition was demonstrated at OB3 and

emphasized parallelism (in contrast to the serial implementation of electronic analogs

developed at Heriot-Watt).
GLANS PRISM
M BEAM COMBINER BISTABLE

INPU LIIlIIB L2 SPLJT A1"D1"CTO

BEAMELM, INPLNT L

'IM-

===2 P2ATE NUMBER

LO OF mY
4'N~ VIA GIVES

-. NUMBER~OFB

MIRRORS BFIT SPOT AT

SDE VIEW BTO FEC

Figure 6. Pattern recognition.

Symbolic Substitution2"

Alan Huang has shown that computations can be made by recognizing simple

patterns and substituting other simple patterns. The first step is recognition of the

occurrence of 0 in an arbitrary 2x2 input (technique described above) and

substituted 9 if present and M if abrent as shown in Fig. 7. ZnS interferenceIi

n filters were used with 40 to 45 mW power switch-up; a 2 mW input then yielded

an 8 mW change in output. Thus a fanout of 4 is theoretically possible.
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i Figure 7. Symbolic substitution.

Conclusion

This project was funded by JSOP for only two years. Following its untimely

termination, interference filters were used in several other experiments funded

through other sources. These experiments include:

* one-bit addition by symbolic substitution 2 .2
1

J.

1, * recognition of a three-spot pattern in a 2x9 input array 2

* * nonlinear decision-making in the correlation plane:

fingerprint associative memory"
* comparisGn and exchange 29

and are discussed in several of the publications listed previously.
8
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RESEARCH FINDINGS

Introduction

Physical-vapor-deposited (PVD) optical thin films are often columnar and porous

rather than solid and homogeneous and the shortcomings in performance of these

films are largely caused by this microstructure. As a result, many new deposition

techniques have been developed. In particular, mechanisms that increase the mobility

of adatoms and admolecules have been shown to increase the packing density of thin

films, which in turn inhibits the penetration of moisture. Direct radiant heating of

substrates is one simple and effective means of mobilizing adatoms and admolecules,

- but it is limited by the ability of the substrate to endure high temperatures. Ion-

assisted deposition has substanially improved the optical properties of several

dielectric materials. Ultrasound irradiation is another means of directing energy to

adatoms and admolecules. This project has shown that the vibration of the substrate
.I transverse to the direction of columnar growth disturbs the growing columns and

increases the packing density and homogeneity of the films.

Results

I Fi-ilms were produced at 2x×1 torr in a Balzers 510 plant by resistive sources or

electron-beam guns. An optical monitor measured film thickness and a quartz crystal
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monitor measured evaporation rate. The glass or fused-silica substrates were glued

to one end of a tubular piezoelectric transducer, to which a sine wave was applied.

The transducer is tubular to permit transmission measurements without demounting

the substrate. Radiative heating of substrates, with and without ultrasonic waves,

was also performed to distinguish between purely thermal and ultrasonic wave

effects. The film transmittance was measured on a Cary 14 spectrophotometer. and

the optical constants calculated using Manifacier's method, which assumes that the

film is homogeneous and weakly absorbing. To determine changes in the packing

densities of coatings, metal-dielectric filters were employed to detect the vacuum-to-

air shifts of their peak wavelengths. X-ray diffraction. Nomarski microscopy, and

controlled temperature/humidity tests were performed to characterize film structure,

texture. and dutability.

In the following sections, findings for zirconium oxide, tantalum oxide,

magnesium fluoride, and cerium oxide films are reported. The subscript x in the

chemical formulae signifies uncertainty regarding the exact stoichiometry of the

material. The acronyms CD, IAD. and UAD denote conventional deposition. ion-
assisted deposition, and ultrasonically-assisted deposition, respectively, while Ts

denotes substrate temperature.

ZrO. Films

Several ZrO x single-layer films were deposited at ambient temperature and

ultrasonic power densities of 30 W/cm at 4.5 MHz. These films exhibited about 3%

absorption in the UV (200 to 400 rim), as shown in Fig. Ia. For UAD films made at

-Ts  150 0C, and similar ultrasonic conditions, absorption increased to 88% in the UV

a and 3% in the visible (400 to 650 nm), as displayed in Fig. lb. In both cases, the
CD films did not absorb significantly. These effects, similar to those observed for

do."

lAD films under similar conditions, may be the result of a threshold effect, where

* conventional thermal heating of the 150'C substrates mobilizes the adatoms until they

are more responsive to the additional energy input (in this case ultrasonic agitation).

Of course, UV absorption may not be desirable for many coating applications,

so this effect was investigated further. Oxide films often absorb because of a lack

*• of oxygen, and to determine if this caused the observed absorption in the UAD films,

both the UAD and the CD films were baked in air at 400'C for 30 minutes, and

their transmittances then remeasured. The T value of the UAD films increased to

the levels of the CD films, while the T of the CD films were unchanged. Moreover,

the k values of the UAD films fell from 1.3x10 =' to 1.9xl0 - ' after baking. This test
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provided clear evidence that the enhanced UV absorption of the UAD ZrO x films

was caused by oxygen deficiency induced by the ultrasonic agitation. For this and

other materials, reactive evaporation in oxygen can compensate for these deficiencies.

" Evaluation of the optimum oxygen pi'essure in the 1.2xI0 =5 to l0xlO= torr range was

attempted, but at present there are no reliable results.

1.0
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, 0.7

z 0.6.

* I- 0.5-

z 0.4

i. - 0.3.
0.2
0.2 

- UAD film
0.1. CD film
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0.0
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Figure 1. Transmittance of UAD and CD ZrOx films at (a) ambient T.
and (b) T5 = 150OC.
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X-ray diffraction analysis indicated that both the UAD and CD films made with

T s at ambient temperature and at 1501C were amorphous. Since other workers have

shown that ZrO 2 films display crystalline structures when deposited above

T S = 3001C, the conclusion here is that the ultrasonic wave energy is not enough to

crystallize the amorphous structure.

As stated, film porosity can be gauged by the direct effect of water absorption

on the optical performance of the film. Single layers, approximately 4500 A thick.

have fringe shifts of 2.5% and 2.7% for UAD and CD films, respectively. Several

Ag-ZrOx-Ag filters were made to determine the vacuum-to-air shift more accurately.

In these filters, the silver has a geometrical thickness of 470 A. while the optical

thickness of the ZrO x is 1.3P, at X0 - 4500 A. The resulting vacuum-to-air shifts of

the peak transmittance wavelength, Xp are 3.32% and 5.10% for the UAD and CD

* films, respectively (see Figs. 2a and 2b). The effect of Ag on the peak shift is

negligible, because the phase change between the XP values in air and in vacuum is

less than 3 degrees.

.. Air

300 325 350 375 375 400 425 450

WAVELENGTH (NM) WAVELENGTH (NM)

iiI

•(a) (b)

Figure 2. Vacuum-to-air shift of Xp / or a Ag-ZrOx-Ag filter (a, 1'411
(b) CD.

9 0

.' .,.: ,. K:. '2"P;' ' I I¢' I -'' .¢ . ".., . IJ.".". - .,< ,•,



T-AIL92 175 RESEARCH IN THE OPTICAL SCIENCES(U) 
ARIZONA UNIV TUCSON 2/2

OPTICAL SCIENCES CENTER R R SHANNON 15 DEC 87
)ARO-222818 64-PH F496285-C-0039

UNCLASSIFIED F/G 29/6 ML

mhhhEE-EhMhM



I I -11

11111.25

SV. MICRO)COPY RESOLUTION TEST (HART

% %%

/.1

..

4V..• I • • • • • It I ..

@ 0,- 5,.,W. t- - W W " 
' '

w-t' " W+w v Y W+- W w w.p .","- "- -, - - . -i- . , - ,"'+i i + .t' - ", -- i .' ii'

-,. . ,, . ,% .. + '. . . ", .,, .. ,, . . . - ,, "+, . .,. -. ,,. ,., ., . ,,,, ',,, ~ N ,. % ,. ,, , ,

d ".i".. i. i , -lii tik i i~ i . . ." - ....+ < ' .. . .



The packing density, p. of the film can be derived from the magnitude of the

vacuum-to-air shift of the peak wavelength and the equation

* n - (I - p)nw + pnb ,

where nf is the refractive index of the film in air, n, is the refractive index of

water, and nb is the refractive index of bulk material, assuming that the film pores

are filled with liquid water. If we assume that nb is the same in air and in

* vacuum, p is approximately
p - 1 - 3nfAXp/p

From the above relations, the pairing densities of UAD and CD films are 0.808 and

0.694 respectively.

No significant differences between UAD and CD films were noted by Nomarski

microscopy, nor by durability testing, under elevated temperature (501C) and relative

humidity (94%). The durability tests indicate that UAD does not enhance film

stability under environmental stress.

TaOx Films

Effects similar to those noted for ZrO. were observed for TaO. films. The

lower absorption of the UAD films, however, allowed calculation of optical constants

using Manifacier's method. The optical constants of UAD and CD films made at

TS - 150 0C are shown in Figs. 3a and 3b. The UAD films were subjected to

34 W/cm2 of ultrasonic energy at 4.5 MHz. While n increased by 0.05 for UAD

films, a helpful development, k for UAD films was double that of their CD

counterparts. Again the obvious conclusion is that while UAD slightly increases p. it

induces an oxygen deficiency.

When oxygen is bled into the chamber, reaching a pressure of 1.Ox10 - torr at

ambient temperature, the n and k values of UAD films are found to be still higher

th~an those of CD films, but the n and k values of both films decrease significantly,

as depicted in Figs. 4a and 4b. The decrease of n is due to the low value of T.

and the imbalance between the 02 pressure and the evaporation rate. The ultrasonic

wave energy employed is apparently not sufficient to maintain high values of n,

compared to the thermal energy associated with high T, values. The significant

reduction of k in UAD films, as compared to CD films, might be caused by the

interaction of bled oxygen and ultrasonic vibration. As expected, the backfilled

oxygen improves the transmission of UAD films by reducing k, but has little effect

on n.
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The relative vacuum-to-air shifts of UAD and CD Ag-TaOx-Ag filters were

2.3% and 2.6%. respectively. Using the method described above, p values were 0.862

and 0.844 for UAD and CD films. Although the magnitude of this improvement is

presently small, larger improvements are expected as the process is optimized.
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Figure 3. (a) Refractive indices and (b) extinction coefficients of UAD
and CD TaOx films at T s  150C.
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MgFx Films

Single-layer UAD films deposited at ambient T, showed minor UV absorption,

but none in the visible region. At T, - 100'C. strong UV absorption for UAD films

appears. CD films did not absorb in either the UV or the visible. (See Figs. 5a and

5b.) This absorption was reversed by annealing the UAD films in air at 4001C for

30 minutes. When UAD films were deposited under an 02 partial pressure of 2x10 -5

torr. their absorption decreased somewhat but was still greater than that of CD films.

This result agrees with the work of Saxe (1985). who noted that the absorption of

MgFx in the UV is caused by a lack of fluorine; the absorption is decreased by

reactive evaporation in oxygen, which satisfies some of the anion vacancies. The

optimum oxygen pressure for minimum absorption should be investigated.
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0.9
< I-.-.

0.8

0.7
"°U

U 0.6z

t 0.5

( 0.4

0.3

0.2

- UAD film I- UAD film
0.1 .... CD film CD film

....... Substrate ....... Substrate

0.0
200 250 300 350 400 200 250 300 350 400

(a) WAVELENGTH (NM) (b) WAVELENGTH (NM)

Figure 5. Transmittance of UAD and CD MgF x films at (a) ambient T5
and (b) Ts = 1500C.

A UAD Ag-MgFx-Ag filter exhibits a 2.19% vacuum-to-air shift of Xp,

significantly less than the 2.91% shift for a CD film. The packing density of UAD

and CD films, derived as above, are 0.909 and 0.880. respectively, again showing a
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benefit for UAD films. As for ZrO. films. Nomarski microscopy and elevated

temperature/humidity exposure revealed no systematic differences between UAD and

_ CD films. Under X-ray diffraction analysis, UAD and CD films made at ambient

temperatures were both amorphous; UAD and CD films made at 150'C showed

similar polycrystalline structures. The thermal energy clearly caused the

crystallization here; additional experiments to distinguish whether UAD had any

effect on the type or degree of crystallization were not performed.

CeOx Films

Single-layer UAD films deposited at ambient T. showed no absorption in the

visible region. But at T, - 1000C. the UAD films absorbed about 3%. CD films did

not absorb in the visible region. From the similar results of ZrOx and TaO x. the

absorption is believed to be a result of the oxygen deficiency.

Discussion and Conclusions

Pairs of thin films of three important dielectric materials, deposited both

conventionally and under ultrasonic agitation, were compared. At Ts - 1500C, the

ultrasonic wave energy produced systematic differences between the films:

1. UAD films displayed increased UV absorption when compared to CD films,

an effect attributed to oxygen or fluorine deficiencies. This effect was

reversible for ZrOx and MgF. films under baking in air. Also, reactive

evaporation reduced the observed UV absorption for TaO x. The finding that

this usually troubling absorption can be prevented or reversed enhances the

prospects for this coating process.

2. UAD films had systematically higher refractive indices, and thus higher

packing densities, than CD films. This preliminary but important

development supports the predictions for this process, since increased values

C" of p should eventually lead to improvements in optical performance and

durability.

3. No important differences between UAD and CD films were noted by

Nomarski microscopy. X-ray diffraction, or by high temperature/humidity

testing.

The systematic, consistent nature of these observations on three different

materials is encouraging. The lack of enormous changes in structure of these films.

& which would be detected by microscopy or X-ray diffraction, suggest that UAD may

be a more subtle and controllable means of influencing film structure than other
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methods such as ion-assisted deposition. The latter, while extremely effective for

many materials, can significantly damage films if energies or fluxes are slightly too

high. Moreover, ]AD has rather unpredictable effects on some materials. These

* results therefore indicate a definite role for UAD along with other means of
modifying film structure.
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I rRESEARCH FINDINGS

p., Introduction

d, The wavefront sensor was redesigned to make it more compact and easier to align.

4'- The properties of heterodyning in conjunction with the grating shearing

interferometer have been investigated.

5- New Wavefront Sensor Design

5.. The new design (Fig. 1) is based on the same principles as the previous wavefront

* sensor design.I It still uses only one linear diffraction grating and one detector

-,. array. giving it a high light efficiency.

A checkerboard beamsplitter is used to divide the pupil into areas of x-shear

and y-shear measurements. depending on the direction of propagation through a loop

- path containing a Ronchi ruling as the shear producing element. This checkerboard

beamsplitter is placed in the dividing plane of a Koester's prism, making the loop

path very compact. The Ronchi ruling is now used in transmission, relaxing its

alignment requirements.

* A laboratory setup of the new wavefront sensor is almost completed; only the

SKoester's prism with the checkerboard mask remains to be fabricated.

Analysis of Heterodyne Procedures

The Ronchi ruling in the wavefront sensor generates multiple beam interference

patterns.2  Heterodyning with an integrated bucket technique will then produce a
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,-Figure 1. New wavefront sensor design.

systematic error in the phase measurement. This error will be smaller than 2 X/5 6 .

In addition, the error propagation from noisy intensity data to the calculated

phase has been analyzed for various heterodyning algorithms and the optimum has

been chosen for the wavefront sensor.
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WIntroduction

Application of digital photoelectronic radiology has been widespread in recent

years. Figure I is a schematic of a typical photoelectronic x-ray imaging system.

However, these systems lose spatial resolution because of the optical coupling of the

x-ray image intensifier to the video camera tube for electrical readout. The limiting

spatial resolution (10% MTF) of a typical x-ray image intensifier in the 9-in. mode is

about 3.0 ip/mm, while the limiting spatial resolution of the overall system is only

1.5 lp/mm.

SCINTILLATOR OUTPUT PHOSPHOR FEr PREAMP
'- PHOTOC ATIHOOE/ COUPLING OPTICS CAME=RA TUIEE SENSOR

SO RC /I RL C
/ ES STO ,. CAkPAkCITANCE

SCAN#NING ELECTRON BEAM

X RAY IMAGE INTENSIFIER OPTICAL COUPLING INTENSIFIER VIDEO CAMERA

Figure 1. Conventional photoelectronic x-ray imaging system.
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In addition, use of conventional digital x-ray imaging systems is impeded by

their size, weight, and lag (attributable to the electron-beam-scanned video-camera

tube and the output phosphor). Replacement of the output phosphor, optical coupling,

and video-camera tube by a charge-coupled device (CCD) inside the vacuum envelope

of the image intensifier is a possible solution, with benefits that extend beyonda",.

medicine to military applications, astronomy, or anywhere data is to be read from a

remote image sensor (such as a satellite).

The idea is not new: CCDs and photodiode arrays have been used inside a

% vacuum envelope for electrical readout of image detectors previously.- 9  However, in

.,, all cases, electron multiplication was at high kinetic energy of the photoelectron,

which almost invariably caused damage to the delicate gate structure. 10  The

approach investigated here operates the CCD in the charge-injection mode rather than

by electron beam bombardment, similar to CCD operation in infrared (IR) hybrid

focal plane arrays.1  A schematic example is shown in Fig. 2.

I t SENSOR
PIXELS

SILICON
SLICE

'....
'a" OUTPUT

PADS CC IUX

5Ol[D FLIP CHIP 'ULTILAYER
PADS SUMPS INTERCONNECT

* Figure 2. Hybrid silicon local plane concept with CCD readout.

Methods and Procedures

Three 25-mm second-generation image intensifiers were modified (see Fig. 3). In

each tube the output phosphor was replaced by a 100-pin multi-feedthrough header

* carrying two 3232 CCDs designed for hybrid IR detectors." Their center-to-center

spacing is basically 0.088 mm. providing an area of 2.82x2.82 mm or 7.95 mm 2. The

area of a charge-injection electrode, however, is only 0.0250.025 mm, so the

- effective total active area is only 0.64 mm2. or 8% of the total array area. The

* 'various voltages for clocks, phases, and gates are brought in on the multi-pin

feedthroughs (see Fig. 4).
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0 Figuire 3. Modified second -generation image intensifier with two CCDs.

Before fabrication of the tubes, several CCDs were subjected to various

temperature cycles and schedules. each exceeding those minimally necessary for

electron tube production. The temperature levels ranged from 250'C to 300'C. The

baking periods ranged from 6 to 12 hours. Because of limited resources, no tests

were performed at the optimum baking temperature of 375'C. This was not

4 considered critical since this study required only a working tube, and long lifetime

was of secondary interest.

The spacing between CCD and microchannel plate (MCP) was a little less than

1 mm and was largely determined by the existence of wire bonds necessary for

4'electrical connections (see Fig. 3). Masks were provided to restrict electron emission

from the photocathode to the photocathode area opposite the active areas of the

CCDs. This was important for operation of the tube as an imaging detector. The

size and location of the apertures were varied on different masks, which permitted

I It analysis of the landing of photoelectrons beyond the cathode locations opposite the

CCD under test.
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I" Figure 4. CCD arrays mounted on multi-pin feedhhrough.

The tubes were set up with the anode (the CCD) at ground potential, and the

W cathode at high negative potential. The various voltage levels provided for were:

microchannel plate out: 0 to -200 V

microchannel plate in: -500 to -I 100 V

photocathode: -700 to -1300 V

*Electron energies at the CCD were never allowed to exceed 200 eV and the

voltage from the photocathode to the microchannel plate was maintained at 200 V.

Notice that the microchannel plate input was not covered by an ion barrier.

The operation of the tube was monitored in two ways:

I. With all the CCD electrodes shorted and floating, the current

landing on all the CCD charge-injection electrodes was measured by inserting an

electrometer between the substrate of the particular CCD and the ground, as

shown in Fig. 5. Notice that the other (second) CCD was floating, as were all

*I the other unused electrodes of the multi-pin feedthrough; in this mode, no

imaging was possible, the CCD acted simply as a single detector.

2. With the CCD operating as an imaging device, the signal voltage developed by

-. pixel 100 was observed.

4t Illumination was provided by a Gamma-Scientific RSIO standard light source,

located about 75 cm from the image tube photocathode, and modified to be a
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Figure 5. Schematic of charge collection on CCD injection electrodes and
measurement of landing current.

variable-illumination source at low levels with a constant color temperature of

2875 K. The illumination was varied by changing the diameter of the aperture from

5 mm to 35 mm. The illumination of the photocathode was obtained from a

calibration using an EG&G Radiometer-Photometer 550 in the photometric mode.

Results and Discussion

Tests with individual CCD arrays at various temperature levels to 300'C for up to

12 hours confirm that the CCDs can withstand the minimum temperature levels

necessary for image tube fabrication.

Tests showed that electrons land at the CCD. The observed signal is linear

with the light intensity on the photocathode and can be easily controlled by variation

of the MCP gain. Figure 6 is a plot of the total landing current versus luminous

flux at the cathode aperture opposite the CCD. The current was measured with an

electrometer in the circuit from CCD substrate to ground, as shown in Fig. 5. The

current was measured for four MCP voltages: 800 V. 900 V, 1000 V, and 1100 V.
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Notice that the slopes of the four curves. plotted on double log paper. are almost

unitv. No saturation effects are observed at 1000 V or 1100 V. where the MCI)

gain is high, whic:h indicates that the cathode response is extremely low. While the

response immediately after fabrication of this particular tube was measured to be

137 jiA/lm. the response dropped shortly thereafter. Most of the measurements

presented here remained between I and 2 pA/lm.

CC

C-

E0 10

Flxlues

(C; -c St C' ()10 ot C

(H go at C o 0 ot C

ow:, toe)8CB8

Fig:-- Curret landng onCCD verus l~uminos fu ncahd o

.r Similar I inearit', (Ai th respect to input luminous flux) is observed with the
signal as read from pixel number 100 when the CCD is operated as an imaging

de, ic:e (see Fig 71 Figure 7 also indicates the linearity of the landing current versus

the input luruin,)u, flux fi)r comparison with Fig, 6. Now, however, the landing

currenit i, measured as a % oltage drop across a S60-kP load resister, which replaced

the ele::,, ieter in; the substrate-to-ground circuit.
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Figure 7. Signal voltage developed by pixel 100 and current landing on
CCD (measured as voltage drop across R = 560 kQ2) versus luminous flux

*on cathode.

There seems to be complete balance of the current, indicating that all current

-,r leaving the MCP lands on the charge-injection nodes. This occurs even though their
* total area is only 8% of the total active area of the CCDs. Attempts to observe

charging effects on the insulating SiO 2 surrounding the charge-injection electrodes

using moderately fast equipment (lO' Hz) were not successful.
The dependence of the signal developed by pixel 100 on the integration time for

* constant luminous flux was also investigated. It is not linear, as shown in Fig. 8.
However, this slight deviation from linearity can be related to effects of the dark
current. Two curves are presented, one for an MCP voltage of 900 V and one for

an MCP voltage of 1100 V. The curves are parallel.
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Of particular interest was the dependence of the landing current on the electric

field in the space between the anode and the MCP. The measurement was made

three times with an MCP voltage of 900 V and the anode-to-MCP out voltage ranged

E from 15 V to 200 V. The results are shown in Fig. 9. The general shape of the

curve follows the normal expectation, namely a gradual increase up to a saturation at

around 150 V. However, an indication of two saturation points was apparent, one at

approximately 60 V and the other at approximately 150 V. No explanation is

,, available at this time.

To provide some information on the electron paths, the landing current was

,. analyzed as a function of the cathode area. which was illuminated. As shown in

Fig. 10. the landing current is slightly superlinear with the illuminated area. This

clearly demonstrates that the landing current does not consist solely of electrons

originating at the cathode location opposite the CCDs.
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Tuelf was aloinvestigated. Figure IIis a plot of the cathode response

: _'versus time in units of days for the first and third tubes. For both tubes, the
•r,-responsivity dropped. The first tube dropped from 200 pA/lm to 37 uzA/lm oe

ove a

period of 200 days. For the third tube, responsivity dropped from 30 UA/lm to

3 FA/im over 50 days. It is not clear whether the CCD itself caused the outgassing.

:' g Tbetr ifer wasxialsoinvsigated.m Fpige nd2is-a potofeatoe reoudnse

Also of interest was the imaging capability of the tube. From the imaging

IIexpect more than a few line pairs per millimeter limiting resolution." 2  This was
confirmed by the images shown in Fig. 12.

3,This project succeeded in determining that electrons can land on the charge-

".' injection nodes of CCDs and be used for direct electrical readout. Questions of tube
life s optimum processing schedule, and tube and CCD design will be addressed in

"i" subsequent projects.
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- A. RESEARCH FINDINGS

Introduction

This task consisted of two principle parts: direct determination of the figure of a

ground surface using a floating spherometer; and determination of the wavefront of

an optical system from information in the image plane. Because these were fairly

disparate tasks, they will be discussed separately.

Spherometer

Background on spherometer

Previous work' had shown that it is possible to determine the figure of a

ground surface using a spherometer (a device that measures the curvature of a

surface) by integrating the curvature data twice. This technique speeds the

manufacturing process for aspheric optics because it is difficult to measure the shape

of the aspheric surface during the grinding stages of manufacture.

Although the feasibility of determining the figure from spherometer

, measurements had previously been demonstrated, the process was not in any way

optimized for rapid data taking. In the previous method, a bar-type spherometer

. such as that shown in Fig. I was used to take the data. A grid pattern was laid out

on the work and the spherometer used to measure the curvature of the surface at the

%" nodes of the grid. first in the x-direction and then the y-direction. While making

any single curvature measurement is not a difficult or time-consuming task, the

• measurement of 100 or more data p ints in two directions is rather painstaking. The
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goal of this program was to devise a spherometer that could be used more rapidly

and to test the new device on a simulated aspheric optic.
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Figure 1. Standard bar-type spherometer.'9
Spherometer theory

The most usual spherometer is the three-ball type used in optical shops for

determination of the radii of lens curves. However, it can be shown that the three-

ball spherometer is insensitive to azimuthal variations in surface height about its

central probe point, making this type of spherometer unsatisfactory for use in

determining the shape of aspheric surfaces.

Since the linear or bar-type spherometer is sensitive to azimuthal variations in

surface height, it was natural to examine this type next. However, this type of

spherometer is designed to be rocked about its lengthwise dimension to get the

maximum (or minimum) reading. It is this rocking of the spherometer that makes
data taking with the bar spherometer rather tedious. The operator must be

positioned over the work piece with wrists braced on the work in order to rock the

spherometer. A smooth rocking motion is necessary because of the sensitivity of the

spherometer which can be read to microinches (or tenths of microns).

ft The goal then was to come up with a spherometer design that would not

require the tipping motion to be read accurately and that could be easily positioned

about the surface being measured without the need for the operator to remain in
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close proximity to the instrument. In addition. it was essential that the spherometer

* not damage the surface as it was moved about.

Since the three-ball spherometer would not work on theoretical grounds, the

new design had to be based on the bar-type spherometer. This type normally has

balls at either end that serve as reference points and an indicator centered between

the balls both longitudinally and laterally. The spherometer thus measures directly

, the height of the indicator tip relative to the average height of the two balls. This

measured height, h, is related to the radius of the work under test by

h - (R - r) - v/(R - r)T - ,

Q0 where y is the distance from the center of a ball to the center of the indicator tip. R

is the radius of curvature of the work, and r is the radius of the balls on the

spherometer. This expression can be recast to give R as a function of h in the form

h" + 2rh + y2

2h

This expression is the heart of the spherometer technique for determining surface

figure.

Floating Spherometer Design

To give the bar spherometer the characteristics necessary to meet the

requirements outlined above, it was decided to float the spherometer in a frame

supported by three air-bearing pads. Since the entire frame of the spherometer was

to float, the end balls in the conventional spherometer could no longer be used and

-iw had to be replaced by two additional indicators. The new spherometer is shown in

Fig. 2.

To maintain sufficient load-bearing capacity in the air support pads, these pads

have to be lapped to the approximate radius of curvature of the part under test.

Air is supplied at 15 psi and the pads have a diameter of one inch. This is

6 sufficient for a 5% mismatch between the radius of the work and pads.

The spherometer itself works like the normal bar spherometer except that the

end balls are replaced by indicators. The measured sag, or h. is obtained by

electronically subtracting the average of the outer two indicator readings from the

S. reading of the central indicator. The new spherometer reads

h - [ z ,

where z, is the reading of the central indicator, and z, and z, are the readings of the

outer two.
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Figure 2. Floating type spherometer.

The indicators are air-bearing-type linear variable differential transformer

(LVDT) devices with 15 gm plunger pressure. They are individually sensitive to

motions as small as 0.1 pm.

A "black box" was built to combine the three LVDT outputs, as indicated by

the equation above, avoiding the need for three electronic readout indicators.

Test of the Floating Spherometer

The floating spherometer was tested to determine the repeatability and

sensitivity of the unit by measuring the sag of a large piece of plate glass as it was

l rotated on a large bearing. The spherometer was placed on the glass and the

spherometer constrained with a piece of string in the direction of rotation of the

glass.

As the glass was rotated, the spherometer came to an equilibrium position and

then measured the curvature along the same circumferential path rotation after

rotation. The output of the "black box" was recorded for two consecutive rotations

and the sag readings compared for like azimuthal orientations on the two rotations.

Sag repeatability was 0.1 pm over the entire rotation, while sag variation was

* 15 um over the path. While the total sag variation was not great (although it did

correspond to ±26,666 inches in radius) the repeatability is as good as the resolution
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of the LVDTs themselves.

Because the very light pressure of the indicators did not damage the polished

glass and because of the excellent repeatability of the spherometer, the test was

considered a success.

Future Plans

After demonstration of the hardware for the floating spherometer, the next

logical step is to build a cruciform-type spherometer so that the two principle

curvatures of a surface can be determined simultaneously. This information is

necessary for integration of the curvature data to determine the actual shape of the

surface. The cruciform spherometer would provide this data about the central

indicator tip simultaneously for both the radial and tangential curvature of a surface.

This type of instrument could then be used in conjunction with the Large

Optical Generator (LOG) to measure the shape of a work in progress. This

measurement would be completely independent of the machine accuracy.

The spherometer would be positioned at the vertex of the work. As the table

is rotated, the spherometer would gradually be pulled radially, so that measurements

would be made in a spiral pattern. The spherometer would be oriented so one leg

was in the radial direction. A continuous flow of data would then be produced by

the spherometer about both the radial and tangential curvature of the surface.

Software would have to be written to coordinate the flow of data from the

-' spherometer to the data reduction program FRINGE. This should be rather

straightforward because software has already been written to analyze height data

taken directly with the LOG in a continuous fashion.

Conclusion

In has been demonstrated that a n:ree-ball spheromeler will not work for

measuring the principle curvatures of a surface and so a two-ball or bar-type

spherometer must be used. A working model that floats over the surface to be

measured without damaging the surface has been built. The instrument shows high

sensitivity and repeatability to 0.1 / m in sag. The design is easily expandable to

simultaneously take data for both principle curvatures, and it appears that the data

could be captured in a real-time mode for analysis as soon as the last data point was

read. For these reasons, the task is felt to be a complete success.

,p. Wavefront Analysis from Image Plane Data

This sub-task was an attempt to obtain information about the wavefront in the

pupil plane using intensily information in the image plane. Although this research is
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not complete. a method has been devised to describe the intensity distribution in tbe

image plane for both one and two dimensions, knowing the phase in the pupil.

Progress thus far indicates a solution is possible given the time and money to pursue
-e the problem further. The technique would permit wavefront sensing in the image

plane without employing an elaborate method to obtain a reference wavefront.

Background

Initial interest in this project began with the Multiple Mirror Telescope (MMT)

project on Mt. Hopkins. In 1979 when the telescope was first operated, a series of

photographs were taken in the image plane to assess the image quality. Some of

these photographs were taken with the telescope substantially out of focus. In these

out-of-focus images, the ring structure of the zonal errors in the mirrors (the result

of residual manufacturing errors) were clearly visible as intensity variations. In

addition there was the hint of a square grid pattern that corresponded to the egg-

crate core pattern used in the construction of these lightweight mirrors. It was

known from interferometric data that the effect of this core structure was less than

1/50 X and probably more like 1/100 X. Yet here in the simplest of tests was

evidence of figure errors that could not be seen with state-of-the-art interferometers.

Figure 3 is an example of the intensity pattern observed at the MMT.

P.1

6

Figure 3. Photograph of intensity distribution 76 cm inside best focus at

the AMMT
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Approach to the Problem

Before one could work from the image plane back to the pupil plane, it was

4P necessary to know how to work from the pupil plane to the image plane. To

determine this, a simple geometrical optics model was constructed, showing the

location and slope of rays in the image plane, given their location in the pupil plane.

Uniform intensity in the pupil plane was assumed and conservation of energy used.

Once an approach to describe the intensity pattern in the image plane was

established, it was felt that the problem could be solved using an influence function

approach. A series of intensity distributions would be constructed in the image

plane using known phase errors. Then for an arbitrary intensity distribution, a

* linear superposition of phase errors could be constructed that would produce the

image plane intensity distribution in a least-squares sense.

A more modest though also very useful goal was to help establish a quality

criterion for the amount of ripple or midspatial frequency roughness allowable in a

wavefront. The approach used to describe the intensity variation in the image plane

gives a very easily implemented criterion for wavefront ripple.

A nalvsis

4P Using the geometry shown in Fig. 4, it is easy to show' in one dimension that

the intensity distribution in the image plane is the product of two terms. The first

is the average intensity due to the convergence of the light beam from the pupil to

the focal region. The second term is the square of the first derivative of the error

in the wavefront and the second derivative in the denominator. Since the first

derivative will be small, the square will be inconsequential. Thus the variation in

intensity in the image plane is proportional to the inverse second derivative of the

wavef ront. This is seen as the connection between this work and the first task-, the

spherometer measures curvature, while in this task it is again the curvature of the

wavefront as evidenced in the second derivative that is important.

After making several realistic simplifying assumptions, the intensity in the image

plane is given by

d

IR "

where the quantities are defined in Fig. 4 and h" is the second derivative of the

wavefront error. Since the denominator can go to zero if the second term becomes

large in relation to the distance from observation plane to the Gaussian image. this is

the condition on the geometrical optics limit of this approach. If d becomes small to

the point that the second term makes the denominator go to zero, the diffraction
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regime has been entered and this present approach is no longer valid.
.

Since the change in contrast in the image plane is more easily measured than

the intensity itself, a slight rearrangement of terms and the assumption that the errors

on the wavefront can be represented by sinusoids yields
C , kf 2AR2

d

where C is the contrast, k is a constant, f is the spatial frequency of the sinusoidal

variation in phase error, A is the amplitude of the error. R is the distance from

pupil to image plane, and d is the distance of the observation plane to the image

U'. plane.

I "The degree of ripple in the wavefront can now be assessed in terms of spatial
If.

frequency and amplitude, and high spatial frequency errors will be evident even with

very small amplitudes. Also. d is a means of controlling the sensitivity of the test.

- In fact, because of the diffraction limit, varying d allows "tuning" of the test for

various spatial frequency errors. The test is sensitive to the highest spatial

frequency errors furthest from focus. On the other hand. the test is not very

sensitive to low spatial frequency errors called figure errors. Thus this new test

does not change the interpretation of the classical tests for wavefront error but rather

* gcomplements them.
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In addition to this work, the intensity distribution in the image plane in two

dimensions has been determined so that it is possible to analytically describe the

intensity pattern rather than having to do a spot diagram based on ray trace data.

This type expression will be useful for those trying to predict the intensity

distribution on a CCD array, for example. There will be no need for interpolation,

as the intensity on each pixel can be directly calculated by integrating the intensity

over the pixel area.

Progress in working back from the image plane to the pupil plane was slowed

because the intensity distribution in the image plane is given in terms of the spatial

coordinates of the pupil plane, making it difficult to work backward. Some

"* breakthroughs occurred here but none were significant and none occurred in time to

be incorporated into this report.

Conclusion

An analtical method of describing the intensity distribution in the image plane

given an error in the pupil plane has been developed. The description has been

made in both one and two dimensions. It was further shown how this description of

the intensity variation can be used to assess the degree of ripple or midspatial

frequency error in a given wavefront. The test is simple to implement and interpret.

U qThis work will continue, funded through other sources, because of the value of

the results. While the work has been more difficult than originally expected.

confidence remains that a solution can be found.
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Introduction

This research program was initially funded by the MICOM Army Labs as a three-

year program supplement to the Joint Services Optical Program. Following budget

cuts at MICOM. the program was discontinued (after one year). It was then

transferred to the task "Physics and Applications of Surface Guided Fields" (without

an increase in funding for that task) and progress subsequent to the iniiial year is

summarized in that report.

A series of experiments was performed on waveguides with liquid crystal media

as the cladding medium on top of the guiding film. For the liquid crystal E-7.

optical limiting of the transmitted guided wave was obtained as a result of the
4P generation of leaky waves into the cladding. When K-18 was used, optical bistability

and subsequent optical limiting attributable to phase changes in the liquid crystal

medium were observed.

Theoretical calculations for highly nonlinear waveguide media showed that hard

optical limiting could be obtained when a self-defocusing medium was used as the

cladding medium. Absorptive loss and saturation in the refractive index change have

)• both been included. Excessive amounts of either were found to be detrimental to the

limiting process.

Objectives

The goal of this program was to investigate the application of guided waves to

optical limiters. The detailed goals were as follows:

I. To continue the investigation of the propagation of guided waves through liquid

crystal media where limiting had been previously observed.

2. To investigate, first theoretically and then experimentally, nonlinear guided-wave

geometries for implementing optical limiting action.
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Results

A very promising new geometry for guided-wave optical limiters has been

identified. It consists of a thin film bounded on one or both sides by self-defocusing

nonlinear media. As the guided-wave power in a given mode is increased, the

waveguide cuts off at some power level, and will not transmit any more power in

that guided-wave mode. If the film thickness is chosen so that only the iowest-order

TE, mode can be propagated, then the cutoff for this mode is absolute in the sense

that no other mode is allowed. Calculations based on GaAlxAsl_x multiple-quantum-

well (MQW) waveguides have been carried out. The numerical results show that the

cutoff power can be tuned by varying the film thickness, or the index difference,

between the film and the nonlinear medium. For this MQW system, limiting action

in the range of a few milliwatts per millimeter of beam width is predicted.

Preliminary considerations indicate that this phenomenon should be extendable to

* channel waveguides, and hence could, in principle, be implemented for detectors

consisting of multiple small elements. A search is underway for a self-defocusing

* material in which to verify these concepts.

-. The role played by loss was estimated by assuming that the field distributions

calculated in the absence of loss are still valid for small losses. The net result is a

strong dependence of the wave attenuation on guided-wave power.

Saturation effects have now been included in our calculations on optical limiters

based on these nonlinear guided waves. Saturation does not appear to affect the

projected operation of the optical limiters based on self-defocusing nonlinearities.

Examination of the effect of nonlinearities which vary as EP. where E is the optical

field and p is greater than 2.5, indicates that optical limiting action is still expected.

This result is important because most materials with large negative nonlinearities.

namely semiconductors, are not Kerr-like (i.e., p = 2).

Recent work has concentrated on the stability properties of these analytical

solutions. The stability calculations were performed by assuming that the field

? distribution associated with a point on one of the nonlinear guided-wave branches is

incident onto the endface of the waveguide, and then propagating the wave

numerically down the film under the influence of the nonlinear wave equation.

* Preliminary results indicate that the waves required for switching and thresholding

all belong to stable branches. There were, however, two types of instabilities found

on some of the branches. In the first, the field energy remains bound within the

film and the field distribution oscillates with propagation distance down the guide.

, These correspond to new, non-stationary solutions to the nonlinear guided-wave

equations. The second type of instability is characterized by the emission of spatial
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solitons which leaves stable guided-wave fields propagating down the film. These

soliton systems appear intriguing for soliton-based guided-wave devices.

The research into the transmission properties of a waveguide with different

liquid crystal media on top was continued. Among the interesting behaviors observed

were conditions under which increasing the guided-wave power led directly to leaky

waves, and hence reduced transmission with increasing power. For materials with

to thermal nonlinearities which cannot maintain large temperature gradients, the increase

in index of the cladding medium eventually leads to leaky modes, which radiate into

ine cladding medium, and thus lead to optical limiting action.

Another interesting result was a classical bistable response when the liquid

crystal K-18 was placed on the film between input and output coupling prisms. The

glass film index and thickness were chosen so that the TM, mode was extremely

lossy and no transmitted power was measured at low powers for the nematic liquid

crystal state. As the input power was increased, switch-up from essentially zero to a

finite power was obtained. As power decreased, switch-down occurred at a lower

incident power. The stability of both upper and lower states was verified, and the

physical mechanism identified as resulting from the nematic-isotropic phase transition

(and its accompanying critical opalescence). Similar, but more complex, results were

obtained and interpreted for the TE, mode. This phenomenon can be applied to

threshold and two-level devices.
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RESEARCH FINDINGS

* Goal

The goal of this project. as stated in the title, was not fully achieved: pulsed

bistability and NOR-gate operation were achieved. Since pulsed rather than cw

applications seem most likely, the heat sinking required for true cw operation was

not pursued.

Observation of Optical Bistability at Room Temperature using a Diode Laser

Light Source-4

The details of this success, reported in the previous three-year summary, were

published early in this three-year period.'

Optical NOR-Gate Demonstration'

A stable optical NOR gate was demonstrated in a small (230 cm) optical setup

* using two diode lasers. It was found that a Faraday isolator (Hoya M500) has better

isolation (32 dB) than a polarization beamsplitter and quarter-wave plate combination.

The isolation eliminated mode-hopping problems arising from the feedback of laser

light.

The optical gate consists of a GaAs/AlGaAs multiple-quantum-well crystal

sandwiched between two dielectric mirrors. The front mirror has low reflectivity

(230%) at 825 nm and high reflectivity (97%) at 850 nm; the rear mirror has high

reflectivity (94%) at both wavelengths. This design allows efficient pumping and high

finesse at the probe wavelength.

Miniature current drivers for laser diodes were designed and installed. All that

is necessary to observe the operation of the NOR gate is a simple oscilloscope. The

setup is quite portable, as shown in Figs. I and 2.
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Figure 1. Configuration for optical NOR-gate operation with two diode
laser sources, using a Faraday rotator as the optical isolator.

q0

.1

p1
°

SFigure Setup for optical NOR-gate demonstration with two diode lasers
and a FaradaY isolator. The NOR-gate signal can be seen on til

oschllscope screen.
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RESEARCH FINDINGS

Objectives

To apply the process of ion-assisted deposition (IAD) to the production of MgF.,

thin films on ambient temperature substrates, particularly plastics, to improve their

' ,-mechanical properties.
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To determine the chemical and microstructural changes associated with ion-

assisted deposition (lAD).

Results

Magnesium fluoride (MgF2), because of its chemical stability, wide transparency

range, and low index of refraction, is desirable as a single-layer AR coating,

particularly for low-index plastics. However, it has poor mechanical properties when

deposited onto an unheated substrate. Use of low-energy ion bombardment during

deposition of these layers has resulted in dramatic improvements in their durability,

with little change in their optical performance.

In collaboration with Stephen Jacobs at the Laboratory for Laser Energetics in

Rochester, New York. quantitative results were obtained on the improvement of

adhesion of the ion-assisted films to quartz substrates. The measurements are made

by contacting the translating films with a stylus to which a constantly increasing load

is applied. An acoustical transducer receives the shockwave that results from film

failure or substrate damage. A subsequent correlation of the acoustical signal with a

photograph of the trace allows determination of the load at which failure occurred

and the nature of the failure. The results of a series of MgF, films deposited onto

quartz substrates are shown in Fig. I. The run numbers of the IAD films are
W correlated with refinement of the technique, and represent a progression to lower

energies and ion fluxes. In the most recent run (ID29C), the film is seen to adhere

to the substrate three times better than a film deposited by the accepted state-of-the-

art method (heated substrate). The film adheres so strongly that the substrate is

. damaged before the film is abraded away.

The experiments on the adhesion of the films also revealed altered stress levels

in films deposited by lAD. The reduction of stress using IAD is sufficient to allow

deposition of 1.6-tim layers without crazing. This is equivalent to a X/4 layer at the

* long-wavelength transparency edge of MgF2 . Samples deposited onto annealed glass

substrates have been studied to quantify the changes in stress, and the results

published.

Comprehensive studies were also made of the chemical and microstructural

* changes in MgF, resulting from the use of lAD. Normal processing conditions, which

led to transparent coatings, also led to a slight fluorine deficiency, and the

incorporation of a few percent of oxygen in the films. These films had a shift of

the UV absorption edge to longer wavelengths, as might be expected if some MgO

was formed by residual oxyg,!n incorporation. Pursuing the hypothesis that the

oxygen was .aturating dangling bonds left by preferential sputtering of the fluorine
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Figure 1. Scratch test resuits for magnesium fluoride coating on fused
'4' Si/ica.

, • depositions were made at lower partial pressures of oxygen and water vapor. These

film had less oxygen, and greater absorption at visible wavelengths. Use of a

fluorocarbon as the bombarding gas reduced the absorption somewhat. X-ray

photoelectron spectroscopy revealed the presence of a peak for oxygen, which

corresponds to oxygen incorporated into Mg-O-F complexes.

Ion bombardment during deposition resulted in smaller grains of MgF2, as

determined by x-ray and transmission electron diffraction. The finer grain size, as

well as the energy supplied during deposition, are believed responsible for the

reduced stress levels.
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In summary, the results are:

I. The first demonstration of the applicability of IAD to deposition of MgF 2 .

2. Determination that the incorporation of small amounts of oxygen is important

in determining the optical properties of the films (slight shift of UV edge, and

little visible absorption).

3. Relation of this incorporation to the healing of dangling bonds left by

*O preferential sputtering of fluorine.

4. Quantification of large improvements in the mechanical properties of the films.

and relation of these to changes in the microstructure.

5. Application of durable antireflection coatings to a wide variety of plastic

*O substrates, including acrylic, polycarbonate. polystyrene, and CR39.

Funded 10/84 to 10/85.

'"-.

%4-

-4.



ABERRATED GAUSSIAN BEAMS
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R. V. Shack

RESEARCH FINDINGS

Introduction

The effects of aberrations on Gaussian beams was studied by re-examining the

first-order descriptions of such beams. This study included both a geometrical model

Er and an unapproximated scalar diffraction analysis. The goal was to obtain a series-

expansion representation of both the phase and amplitude distributions on which

aberrations would be imposed, so that the power concentrations in the beam in the

near and far fields could be determined.

Summary of Results

The approach to developing an aberration theory for the propagation of Gaussian

beams was twofold. First, a new geometrical model was developed that provides a

simpler and more powerful means of conceptualizing Gaussian beams. This model

lends itself well to an aberration construct that includes "rays" and fixed reference

wavefronts. In addition, the model provides a simple and powerful means of

calculating the first-order properties of a Gaussian beam in an optical system.

Further, since Gaussian beams are a phenomenon of scalar diffraction theory, a

geometrical model alone will not suffice to understand the higher-order terms in a

propagating beam. For this purpose, the diffraction problem was reworked by

convolving an initial disturbance with the Fourier transform of the transfer function

using no approximations and without truncating the beam. The initial disturbance is

* - a plane wavefront with Gaussian amplitude distribution. The convolution provides a

series-expansion representation of both amplitude and phase distributions in the beam

for the purpose of studying how these change with the imposition of aberrations.
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%. -Work Performed

A literature search at the beginning of this research revealed that the effects of

aberrations on the propagation of Gaussian beams have been virtually unexplored.

, Yoshida and Asakural ,2 dealt with the value of the Strehl ratio for an off-axis pencil

with Gaussian amplitude distribution. A more pertinent paper by Hopkins3

developed a wave-aberration function for skew rays having a hyperbolic envelope.

However, it is assumed here that the wavefront has a constant amplitude distribution

i* and that the center of curvature of the spherical wavefront is fixed at the waist

location- neither of these assumptions is true for the Gaussian beam under

consideration.

The current first-order description of the Gaussian beam derives from the

* resonator-mode analysis of Fox and Li.' They obtained the steady-state field

distribution across the resonator mirrors using successive approximations to

numerically evaluate the Rayleigh-Sommerfeld diffraction integral with the usual

approximation (R >> X). The amplitude distribution for the TEMo mode was found

to be Gaussian (within the limits of integration), with the phase surface a constant

: across the spherical mirrors. This normal or lowest-order mode became the ideal

wavefront of a Gaussian beam.

Kogelnik and Li' later derived a more rigorous mathematical description of the

q beam. Starting with the scalar wave equation, they postulated a solution having a

nonuniform intensity distribution, a curved wavefront, and a complex phase shift

associated with propagation. Characteristic equations for the propagating fundamental

mode were established, including the nature of the hyperbolic envelope (locus of

constant relative amplitude), the radius of wavefront curvature with distance from the

waist, and the phase-shift difference between the Gaussian beam and an ideal plane

wave. This description can also be deduced another way, as shown by Kogelnik.6

4-. Beginning with the expression for a spherical wave, exp[(ikR)/R], where

RI - x1 + y' + z1. and the z variable is made complex instead of purely real, the

radius R is approximated using the lowest-order term in a binomial expansion and

then substituted back into the wave expression. The resultant form is that of the

Gaussian beam. This exercise demonstrates that higher-order terms exist not only in

the phase distribution but also in amplitude, and that both change upon propagation

of the Gaussian beam.

The first-order description of a beam is the usual starting point for a

mathematical treatment of its aberrated terms, since aberrations can be properly

understood only in relation to ideal wavefronts and their normals or rays. In this

• "case, difficulties arise in attempting to model the beam to include ray-like phenomena
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and expand wavefronts with a single center of curvature. The locus of constant

relative amplitude in a plane containing the axis of propagation describes a

* hyperbola. Not only is the idea of a curved ray impossible in a homogeneous

medium, but a family of spherical surfaces (i.e., wavefronts) is not orthogonal to a

family of hyperbolas (i.e.. rays). The other problem posed by the model concerns the

center of curvature of the expanding wavefronts. This center varies in a nonlinear

fashion along the axis with the asymptotic wavefront curvature centered at the waist.

Likewise, the radius changes nonlinearly, decreasing to a minimum from the waist

and then increasing again. This significantly complicates the development of a wave

aberration theory which assumes a reference sphere centered at the geometrical focus,

and a ray aberration theory for wavefront normals directed to the same point.

The model developed here consists of a skew line rotated about the axis. This

process sweeps out a hyperboloid of one sheet, the envelope of a Gaussian beam. If

this skew line is projected onto a plane where the axis of propagation is a point, the

first-order properties of the beam can be calculated easily.7  Since the skew line is

tangent to the hyperbolic envelope everywhere, it is the locus of constant amplitude

in a plane skewed to the axis of propagation.

Consider a segment of length r of one such skew line with one endpoint on the

plane of the waist and the other in a plane a distance z from the waist. The

endpoints are located at different radii from the axis and with an angular separation

c. If the line segment is moved toward the axis in such a way that it maintains

contact with both radii joining the axis and the original endpoints, and maintains a

constant length r, it will sweep out an elliptical cap to the plane at z. This elliptical

cap is a section of an oblate ellipsoid rotated about the axis of propagation and

having the same foci as the hyperboloid. A family of such ellipsoids forms the

orthogonal family to the hyperboloid. If this ellipse is considered a wavefront, a

skew line lying on the orthogonal hyperboloid between any two "wavefronts"

possesses the ray-like property of maintaining a constant optical path length.

The skew line, and therefore the hyperbolic envelope, is easily described by the

tangent of the angle it makes with the axis of propagation. This is also the beam

divergence angle. Indeed, the radius of curvature of the spherical wavefront in the

traditional beam description. R o, is related to the radius of vertex curvature of the

ellipse, Re, by the cosine of the beam divergence angle. 6. or RecosS - R o .

This illustrates the small difference between a spherical wavefront and the

postulated ellipse. In most beams, 6 is small and the radii of curvature are almost

identical. The differences would not be apparent except in very fast beams with

large divergence angles. Insights such as these demonstrate the usefulness of the

134



model, which is still being expanded and explored.

In addition, the Gaussian beam as a diffraction problem has been reconsidered

from a different perspective. The field distribution in a plane at a distance z from

an initial disturbance is the convolution of the initial disturbance with the Fourier

transform of the transfer function, exp[ikyz]. This transform can be expressed in

many forms, including the traditional Green's function of the Rayleigh-Sommerfeld

integral.

F21r 7 e
r] 2 2n?

where

* ? = and .

If the usual assumption is made that r >> X, this becomes

P- r -i r

The term i/? is the obliquity factor. As shown by Shack.' making the approximation

this way eliminates not only the evanescent components but some of the propagating

terms as well. The effect is somewhat akin to approximating an integrand containing

* *derivatives of functions by the functions themselves. At the very least, an
unapproximated analysis would permit an estimation of the amount of error

introduced by the absence of these terms. It may also provide much useful insight

into both the "ideal" wavefront (lowest-order term) and the higher-order terms.

- The kernel of the diffraction integral can also be written in terms of spherical

Bessel functions,

i21r {j (2fr?) - iyj(21r?)}k' r

The convolution integral is then

e i2ff [ {jl(2nr') - iy1 (2n?')}d~d.9

where

r..

z 0*' 2 = 0 .
a'

The variable 2' is the distance along the z axis from the initial plane. Although the

overall integral converges because of the Gaussian term, intermediate steps in the
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solution that involve integral representations may diverge depending on the nature of

the argument and the order of the Bessel function concerned. This divergence

problem can be avoided if the expression for i' is made complex after the manner of
Kogelnik. This technique has proved useful, and it appears that a series-expansion

solution to the diffraction integral does exist. Further study should reveal the

amplitude and phase distributions in an unapproximated first-order description.
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*. MODULATED EMITTANCE SPECTROSCOPY

B. 0. Seraphin and James D. Mueller

A Project supported by the Joint Services Optical Program (JSOP)

Summary

During the last two decades, modulation spectroscopy has developed into a

C ffamily of analytical techniques of considerable diagnostic value. The electronic

bandstructure of most materials of technological merit has been determined with an

accuracy sufficient to interpret, design, and optimize their optical properties

* technologically. In all of these techniques, light is directed towards the sample, and the

changes that an external modulation parameter imposes on the bandstructure are

analyzed. This has limited the range of applications to room temperature or slightly

W above. In contrast to conventional techniques, a novel version of modulated emittance

spectroscopy attempts to analyze the light emitted from a sample whose temperature was

modulated. An attempt was made to find the resonances that relate to the key

* parameters of the electronic bandstructure in the temperature derivative of the

blackbody curve. Although the resonances must be present in all optical observables

such as emittance, the major difficulty consists in separating the thermodynamically

I determined background described by the Planck function from the emittance that carries

the bandstructure information. A computational scheme was tried that counteracted the

temperature modulation by a corresponding change in the wavelength, keeping the

product XT constant. However, the charge-coupled device (CCD), although state-of-the-

art, was too noisy by two orders of magnitude as compared to the size of the expected

I'



resonances to serve as a computational element in this procedure. An alternative

approach is described that will use Fabry-Perot tunable filters to perform the arithmetic

necessary to separate thermodynamic background from the bandstructure-related

resonances. If successful, the novel spectroscopy will extend the established diagnostic

value of the other modulation techniques up to the melting temperature. The use.

design, and optimization of optical materials at elevated temperatures will then

significantly profit from a knowledge of the electronic bandstructure at these

temperatures.

Introduction and Background

6 In the first decades of this century, quantum theory interpreted the spectra of

atoms and molecules with dramatic success in terms of the energy eigenstates of the

electron assembly and the optically induced transitions between thom. Although the

optical spectra of solids involved identical theoretical concepts, their interpretation in

similar terms took nearly half a century longer. Unlike the sharp spectral lines

generated in systems that interfere little with each other, the spectra of solids are

featureless, and little profile is available to indicate a possible correlation to the energy

spectrum of the electrons. A strong interaction between the closely spaced atoms in a

solid spreads the energy levels into bands and increases the number of possible

*transitions between eigenstates to the point where symptomatic features in the spectra

are washed out. As a result, the 'heoretical interpretation of the spectral profile of the
"A.

optical properties of solids created band structures that had error margins equal to the

* energies of the optical interaction itself.

The situation improved drastically in 1%5 when it was observed that the periodic

modulation of any parameter that entered into the determination of the band structure.

pressure, temperature, electric, and magnetic fields, resulted in a synchronous and phase-

related resonance response of the optical properties.'
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This modulated spectrum consisted of a spectral sequence of sharp resonances that

are related to singularities in the density--of-states profile of the electron assembly. The

high spectral resolution indicated the energy value of the singularity.2 The line shape

and the response of the resonance to external perturbation corresponded to the electron

momentum at the singularity. The amount of experimental information improved

considerably as compared to the static spectrum. Figure 1 illustrates this improvement

by comparing the static reflectance curve of GaAs with the modulated electro-

reflectance spectrum.'

06 GAs

-J 04

z

L)

L.JEa E0 +Ao
Er E0  E2

02 3 4 5 6
PHOTON ENERGY (eV)

Fig. . Reflectance and electro- reflectance of GaAs as a function of photon
energy,'

Within a decade, theorists used the sharp resonances with remarkable success to

adjust their parametric calculations of band structures. Based on the modulated

* - spectrum, the band structure of a solid can now be calculated with the accuracy that

experimentally reproduces the observed spectral profile of the optical properties.'
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The new spectroscopy has found its place among other diagnostic techniques and

has been applied to most materials of scientific and technological interest. Like most

optical techniques, however, it has been used only for temperatures around and below

ambient. Little information is available on the static and modulated spectra of solids at

elevated temperatures. As a result, the optical properties and the electronic band

structures from which they are derived, are unknown above room temperature. Also,

little is known about the optical constants of the more popular optical materials (such as

gold, silver, and aluminum) at elevated temperatures, and the few available data scatter

widely. It is difficult to separate the actual temperature change of the optical property

from the thermal expansion of the apparatus or from the thermally induced

contamination of the surface, to name just two major error sources.

Modulated emittance spectroscopy addresses the problem by expanding the known

diagnostic power of the other modulation spectroscopies to the emittance of a material.

*Instead of directing a probe beam to the sample, the radiation from a hot surface of a

modulated sample is analyzed (a configuration much less susceptible to the vagaries of

high-temperature reflectance or transmittance spectroscopy). Little doubt exists about the

presence of symptomatic resonances in the emittance spectrum of a solid. They are

created by a modulation of the dielectric function which, through the optical constants,

enters into all "observables" such as reflectance, transmittance, or emittance. Since they

*2 are so well established in reflection and absorption, and since the emittance is as much a

function of the optical constants as they are, the spectral profiles of the radiative output

from a hot surface must carry them as well. However, observing them in the presence

of a strongly temperature-dependent background, that is of a different nature than in

reflectance, is the subject of this study, and will be described in detail below.

Once the techniques are developed under this project, we will have a novel version

of modulation spectroscopy available that is not subject to the limitations of existing

techniques at high temperatures. The singularities in the density-of-states function, and
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thus the key features of an electronic band structure, will be open to the spectroscopic

W4 analysis over a temperature range extending up to the melting point of the material.

The relative position of energy bands as a function of temperature, their shifting and

crossing over as the temperature is changed, the effects of alloying, dilute admixture of

* additional components, and phase changes on the optical properties will be possible in

terms of a temperature-dependent band structure. The knowledge of the band structure

has led to an understanding, and subsequent design and optimization of. the optical

*O properties of new and existing materials. To have this facility available over a wide

range of temperatures up to the melting point will be of great scientific and technological

significance at a time when the number of high-temperature and high-radiation-load

I" applications increases.

We will show in the following sections that the thermodynamically determined

background of the radiative emission exceeds the size of the resonances by four orders

* of magnitude. To separate the two, and rnake the bandstructure-specific resonances

emerge from the background, the wavelength must be counter-modulated to the

temperature, so that their product stays constant. The thermodynamical background

iw remains unmodulated, permitting us to separate and amplify the emittance modulation

which is not invariant to the product of wavelength and temperature.

The countermodulation was attempted with a "smart" CCD controlling an IBM PC

and worked to our satisfaction. However. the time fluctuations of the output from a

given pixel of the CCD exceeded the size of the expected resonances by two orders of

magnitude. Since the CCD operated as a computational element rather than a detector,

averaging over numerous runs could not remove this limitation. As we will show in the

section on experimental results, the stability of present-day CCDs appears to rule out the

approach used in this study, and the project is on hold. We will outline an alternative.

i, however, based on the use of tunable Fabry-Perot narrow-band filters that may open the

possibility to develop this novel and powerful version of modulated spectroscopy.

4,%
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Reflectance Modulation vs Ernittance Modulation

fThe modulation of the reflectance R(c,c) by a parameter X (pressure.

temperature. electric or magnetic fields) can formally be described by the total

differential

1dRR dc1  + de(1
dX/X dX/X dX/X

The "weight" of the modulation with respect to a change in either c, or c2 (real and

imaginary part of the dielectric function from which the optical constants are derived) is

given by the two coefficients or and A which, through c, and E2, are functions of the

wavelength. Their dependence on the wavelength is slight, however, for the case of

GaAs as illustrated in Fig. 2. Over the width of the spectral resonances, a few milli

electronvolts, they can be assumed constant. In addition, the modulation changes the ci

so little that dei/i << I. Both facts together support the approximate assumption that the

observed dR-line shape reflects the X-induced modulation of the dielectric function that

can then be evaluated in terms of the electronic band structure.'
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Fig. 2. The coefficients o and 0 of Eq. (1) for GaAs.
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For the temperature-induced modulation of the radiative outpu: from a hot surface,

the situation is more complex. Writing the output as

" Ir0,,T) = ET)-P0,T). (2)
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where P(T-) is the Planck function multiplied by the Stefan-Boltzmann constant and

c(NT) is the emissivity of the solid, we can find the temperature response by

differentiating

Sdlr dT dP" gd T =  T p  T+  (3 )

The differential d./dT carries the band-structure information. This term is

, overpowered, however, by the much larger temperature differential of the Planck

*0 function, which is of thermodynamical origin and not bandstructure related. We trust

that the reader is not confused by the same symbol c being historically used for the

dielectric function and emissivity. respectively.

However, the separation can be accomplished on the strength of the fact that

depends separately on k and T, while P is invariant to modulation that leaves the

product (X-T) unchanged. A few transformations of Eq. (3) lead to

* dlr/Ir d + T), (4)
dT/T dT/[l-

in analogy to Eq. (1). Note that the emissivity modulation now emerges from the

background once the temperature modulation is accompanied by a correlated change in

wavelength that leaves the product (XT) invariant.

To separate the bandstructure-related information given by the first term in Eq. (4),

we must ask for its magnitude, and that of the thermodynamic background ¢'1(XT) on

which it rides, as given by the second term in Eq. (4).

The second term is. of course, an expression of Wien's Displacement Law for the

blackbody. If 0,T) is a constant on the wavdength as well as the temperature scale.

S the first term disappears, and the temperature modulation of the emitted intensity is

constant as well, if observed under the condition that X.T is constant. It is

straightforward to evaluate 0VT) from tables of the Planck function to

d
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d,/l 0 ),QT) -X(l - e-X) (5)

9 dT/T

* where X = bAT. with b hc/k = 1.44.10 - 2 (MnK)

The function expressed in Eq. (5) assumes the value one for X = 0, and

approximates a straight line Y - X as X increases. Typical limiting values for the

experiment are given by X - I arn and T - 3000 K, and X - 0.4 pm and T - 1000 K.

For these limits, the p--function assumes the values

"" 5.7 < 0 < 43 .(6)

We will show in the next section that the contribution of the first term in Eq. (4) is

9, of the order 10' at the most. The noise performance of the modulation and detection

system must therefore be such that this small bandstructure-related contribution to

Eq. (4) can emerge from a background that is typically five orders of magnitude larger.

This task is not too formidable. Conventional modulation spectroscopy routinely

separates signals that are 10' times smaller than the background on which they ride. In
some cases, this limit has been pushed to the 10-' range.

However, a basic difference exists between conventional modulation spectroscopy

and the emittance-based approach considered here. The conventional technique resolvesw
a slope singularity in the joint-density-of-states function from the rather smooth

background of the noncritical transitions all over the Brillouin zone. The modulation

therefore acts in a singular manner on the resonance without affecting the background to

0
the same extent.

- The temperature modulation in the emittance version affects both the resonance and

the background. As a matter of fact, Eq. (6) implies that this modulation effect can be

one million times stronger on the background than on the resonance. To separate the

two. the invariance of the background with response to (XT) - constant must be used to
-is

separate a resonance that is not subject to this invariance. This places a more

demanding requirement on modulation and detection, as we will see in the following

Sl .
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sections. At first, however, we will briefly describe how this separation can in

principle be accomplished.

Separation of Resonances

from the Thermodynamical Background

Equation (6) implies that the temperature modulation of the thermodynamical

background is very strong. The difficulty of the new spectroscopy consists then in

retrieving the band-structure resonances from a background that is 4 to 5 orders of

magnitude larger. The central concept of this project is that this separation be

accomplished by synchronously countermodulating wavelength and temperature so that

their product stays constant.

This is done by operating along the hyperbolas )VT - constant, where the

thermodvnamical term in Eq. (4) is constant. For a blackbody with wavelength- and
e

temperature-independent emissivity or a real blackbody outside the resonances, the effect

of the temperature modulation on the emitted intensity can be suppressed by going to a

corresponding wavelength. To accomplish this, horizontal motion compensates for the

temperature modulation (vertical motion in the diagram of Fig. 3 j and leads the readout

back to the initial hyperbola. In our initial approach described below, a microcomputer

readdresses the pixels of a CCD detector in the exit-slit plane of a monochromator such

* that the new address reads out the initial intensity. if the modulation O0X1" can be

restored to its center value, we operate at a region of the spectrum for which the

emissivity does not display a strong temperature variation. If this cannot be

*l accomplished, however, a resonance in the emissivity is observed (Fig. 4).

The actual data processing will proceed on the basis of a triplet of wavelengths

sliding over the blackbody curve as shown in Fig. 5. For the outer points of the triplet,

* the invariance condition is forced on the modulation in approximate fashion. If the

center point can be "leveled," the blackbody differential is smooth. If the region of a

m A

-- U.. U
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Fig. 3. Temperature modulation AT+IAT. and the €-function

Compensation Compensation

AX

a? RESONANCE

Fig. 4. Wavelength compensation of the temperature modulation, or lack
thereof, outside and at a resonance, respectively.

resonance is at the center-point position, however, the "normalization" performed at the
,.

outer points of the triplet will not be possible. The temperature response of the

"p emissivity will upset the average normalization performed in the smooth parts, and the

spectral line shape will be indicative of the temperature modulation of the optical

constants that lead to a diagnosis of the energy band structure. The computer program

will insure that the process is not confused by a resonance at one of the outer points.

4

V%
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-,

PHOTON ENERGY

Fig. 5. Visualization of the data analysis of the temperature-modulated
radiative output Ir under condition (.T) constant.

We will scan the spectral profile of the radiative output for energies at which it

SV resonates in response to the temperature modulation by sliding the wavelength triplet

along the spectral scale incrementally and for each position trying to force the invariance

normalization on the outer points. The resulting spectrum should resemble that of a

4P regular thermoreflectance scan, although the line shapes are expected to be different

because in one case the radiative output is modulated and in the other a probe beam is

directed against the modulated sample. Unlike the thermoreflectance scan, however, the

*I emittance experiment can be performed over a wide temperature range up to the melting

point, indicating in spectral shifts and strengths the response of the band structure to

temperature changes.

Estimate of the Size of the Expected Emittance Resonances

By its very nature, modulated emittance spectroscopy resembles the

thermoreflectance version of the conventional technique. To determine the effect of a

temperature change on both optical constants n and k, two separate measurements or a

very complex Kramers-Kronig analysis must be performed.

6*
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For the sake of an order-of-magnitude estimate, we will assume that the effects of

* the temperature modulation are of the same order on both optical constants. We can

then evaluate the expected contributions to the first term of Eq. (4) from known

thermoreflectance spectra such as shown in Fig. 6 for gold.

18-

12 -0.80

I - L0 06 ¢0
. -0.60 z

_ _ <
Cr 0 U

LiiV6- 0.40 J
<-6- + IL.

LuJ

-12- 0.20

I ,_0

0 2 4 6 8 10
PHOTON ENERGY (eV)

Fig. 6. Static (broken line) and thermoreflectance spectrum of gold
(Ref. 4).

No thermoreflectance spectra have yet been measured for the refractory metals

tungsten. tantalum, and molybdenum which, by virtue of their high melting points, will

be the first candidates investigated by the novel spectroscopy. We will assume that

spectra similar in size to that of gold will be obtained once they have been measured.

From the modulated reflectance of gold shown in Fig. 6, changes in the optical

constants n and k are expected on the order of

An - Ak = 10-2

'Feeding this into the expression for the emissivity modulation

A ( + 1)2 + k2 2 {[kl - n2 - l]An + 2nk.Ak}

ST

.2.

[( +O

) ~ ~~~~~~~~~~ .. .% . . . . . . .. . . € ? ? )",P" *•" ' "
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we obtain at the strong resonance at 2.4 eV the value of

. 2 x 10-2

For a temperature modulation of dT/T - 0.01. we therefore expect a resonance

contribution to the thermodynamic modulation on the order of

Sd/ _ 10-4 to 10-5
dTIT

Values in this range must be separated from a background that according to Eq. (6) is

10' times bigger.

Experimental Method

The basic principle of a separation of the bandstructure-related emissivity from

the thermodynamical background consists in modulating the temperature T while

countermodulating the wavelength X in such a manner that the product XT remains

constant. Figure 7 shows a schematic of the experimental approach: each wavelength

9 of the emitted intensity is assigned a "pixel address" on a CCD locate,: in the exit-slit

plane of the monochromator. Once the spectral distribution of the emission is varied by

a change in the temperature, a computer-controlled search readdresses the pixels so that

XT returns to the same product as before the temperature change.

PIXEL ADDRESS
FILAMENT MONOCHROMATOR

60• o---.- IBM PC

-__BLUE 0

CCD 0.13 A/PIXEL

Fig. 7. Schematic of the experimental approach.

6*'
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The "re-addressing" of the spectral scale is accomplished by means of the charge-

coupled device CCD) that is controlled and read out by a microcomputer. The emitted

intensity from the hot sample is displayed spectrally by a monochromator into the

conventional "color band" in the plane of the exit slit. However, instead of sampling this

color band by means of the exit slit, the plane of the CCD intercepts the color band.

Each "pixel" of the CCD corresponds to a narrow spectral range for which the average

intensity can be read out at the terminals of the device. As a result, each narrow

*I spectral range has a pixel number as its "address." After the temperature of the sample

is increased, the intensity distribution along the pixel sequence changes accordingly. A

program can then direct the microcomputer to search for a new spectral address around

C the previous one (for the visible range it will always be on the short-wavelength side of

the previous address) until a wavelength is found for which the invariance condition is

fulfilled.

Optical and Detector Facilities

A Spex 1702 monochromator was set up, adjusted, and isolated from vibration.

19 Mechanical linkages and wavelength-drive motor uniformity within the monochromator

\were tested. A sample holder was designed and built that holds a filament of the

material to be studied between two spring-loaded mounts that maintain constant tension

C on the sample. This ensures accurate alignment on the optical axis while the filament

length changes with temperature. The vacuum system for the sample holder was built

and tested. A programmable power supply, which provides a controllable filament

current and achieves the temperature modulation, was purchased and connected to the

computer. The filament temperature can be varied under computer control.

A CCD linear array detector Fairchild Model 122 was placed in a holder, mounted

*" inside the monochromator without affecting monochromator performance.

%"," % %""e"' ='' , )'.C..''& d.,''' % ,D J,.' o ",'."'_ = - % • "" - . ..- /' ' .'.L .' .. V i a a .'"'"°"'"
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The replacement changes the mechanism that ordinarily selects a wavelength at one
S

position of the exit slit. The projection of the spectrum along the CCD may not relate to

the wavelength in a compensatable linear fashion, impairing the spectral fidelity of the

selection. The holder was designed with this possibility in mind, giving a sufficient

range of adjustment.

Electronic Data Collection. Storage. and Display

Light emitted by the sample passes through a window in the vacuum chamber into

the monochromator where it is dispersed onto the 1728-element linear CCD array. This

allows a portion of the spectrum to be observed almost instantaneously (limited by the

scanning speed of the CCD). The output of the CCD is processed by circuits that select

three elements from each scan, digitize them to 12-bit resolution, and send them to the

computer.

The processors for the CCD readout system enable the computer to read any three

pixels of the CCD and change these three as necessary. This gives the three-point grid

(two calibration points surrounding the data point) that is moved along the spectral

contour of the radiant output in search of modulated fine structure.

Collection of approximate data and its storage and display were accomplished by

software written in compiled BASIC. The collection of accurate amplitude data will

ultimately depend on the writing of an assembly language program that will be fast

enough to gather all the needed values in one scan of the CCD. The slower program

currently in use does give accurate wavelength information.

A nearly real-time intensity profile of any section of the CCD array can be

scanned. The program allows a new scan of 209 pixels every 4 seconds. This is fast

enough to perform the necessary steps of fine tuning the optical setup and to calibrate

the CCD in wavelength terms. Figure 8 shows the spectral display of the sodium D

dnublet generated by the computer scans. From the known 5.93 A spectral separation of
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the two components displayed over 43 pixels, the spectral resolution is determined as

0.138 A per pixel. This implies that resolution is presently limited more by the

monochromator than by the separation of adjacent pixels. No side bands are presently

evident.

'. (5.93

diL

L~LLJ

,5°.

PIXEL NO. (UNITS OF 20)
Fig 8. Sodium D-doublct as resolved by CCD detector behind Spcx 170:

A. ,onoc/lroator.

.5

,

i1,
,-S.

Data Processing and Invariance Arithmetic

*,.. To perform the operations on the data that lead to an invariance of the product
9

( \T parameters must be adjusted to lie within specific interrelated ranges. The most

important ones are the modulation frequency and depth, spectral resolution of the

monochromator and CCD, scan rate of the CCD readout, and the speed of the computer

5"- operations that perform the data gathering and arithmetic.

To establish the basic interrelation of some of these parameters and to define

" . suitable ranges of their values, a simulation program was undertaken.! Its execution led

to the realization that the CCD detector was by far the weakest link in the detection

'N

.

5'
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chain. The stability of the individual pixel over the scanning and computing time is

about two orders of magnitude below that needed to separate the signal from the

background. We performed elaborate tests described in the following section to

ascertain the problem was CCD related. Since we had planned to use the CCD as a

logical element that controls the data analysis on the basis of a return to an original

value once another parameter, the temperature, had been changed, we could not rely on

its proper function once it was shown to be incapable to recognize this original value in

a ncise level that is one hundred times larger.

The noise performance of CCDs is not something that interferes with their general

usage. As a matter of fact, our observations can be traced back to the manufacturers

specifications. We simply had planned to use a CCD far beyond its state of the art, and

must either await improved devices or turn to a different approach which we will

describe at the end of this report.

Experimental Results

Initial studies showed that in low resolution the CCD control could indeed lead

the readout back to the original hyperbola of the constant (.T) product once the

temperature was changed (Fig. 3). Size and magnitude of the changes corresponded well

with what could be expected from the line shape of the blackbody cutve. Increasing

the temperature required wavelength reduction and vice versa, with the size of the

reduction properly correlated to the base temperature.

However once the temperature amplitude of the modulation was reduced and

higher read-out resolution was required, it became evident that intrinsic CCD noise

buried the values of the emitted intensity changes that the CCD was to recognize. We

performed a number of tests described below that led to the conclusion that our

approach could not be carried through to fruition using present-day CCDs.

0



Spatial Uniformity and Temporal Stability

of the CCD Detector

Spatial Uniformity

To test the spatial uniformity of the CCD detector, i.e.. the uniformity of the

response along the line of 1728 pixels, we placed the detector against the face of an

ultrastable uniform light source (ULS) developed by Eustace Dereniak of the Optical

Sciences Center. It consists of a 300 W tungsten-halogen lamp illuminating a screen

through a tunnel of mirrors, filters, and diffusers. The light source is energized by a

power supply that is stable to within 0.006%, resulting in a uniform illumination of the

6-in. screen to within 0.2%. The temporal stability was tested to better than 0.01% by

means of a photomultiplier and an oscilloscope.

The illumination of the CCD in all of the tests described in the following is "white."

Variations of the spectral sensitivity of the CCD array are not accounted for and further

tighten the limitations of the CCD.

Since the illuminated area of the ULS is much larger than the linear dimension of

the CCD, we placed it on the screen together with United Detector Technologies PIN DP

323-1 monitor. We tested the entire length of the CCD array by intercepting the analog

signal before the A/D converter and running it into a lock-in amplifier. The reference

signal was taken off the power supply.

We expected variations of the sensitivity along the length of the array, and planned

to calibrate the response by means of a table that could be stored, used as a reference,

and calibration in the subsequent data analysis. We quickly learned, however, that the

limited temporal stability of each individual pixel rendered such an approach useless. In
4

addition, the test described here refers to white illumination. Our calibration table, even

if feasible for a very stable array, would have to consider the variations in the special

,sensitivity of each individual pixel which may be a function of illumination intensity,
4

and therefore of modulation depth.

%.
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Figure 9 shows the relative response of the pixel array along its length. Note that

towards each end, the sensitivity drops considerably. However, incisions as deep as 5%

in the center region are common as well. The variations exceed non-uniformities of the

ULS source considerably. We confirmed this by placing the CCD against different

portions of the screen. observing the same spatial profile shown in Fig. 9. Placing the

CCD at different angles to the screen confirmed that the drop-off was not caused by

shadowing or mounting of the CCD. Our initial plan to store the profile of Fig. 9 as a

multiplicative correction factor for each pixel would have met with considerable

limitations, even if the array had turned out to be stable in time. Tests confirmed that

each pixel has a slightly different spectral response, as function of illumination intensity.

tI A full correction table would by far have exceeded the available memory capacity and

speed of the system.

"'">- 82

• "" €' 79

0 200 400 600 800 1000 1200 1400 1600 1728

PIXEL NUMBER

Fig. 9. Response of CCD to a constant uniform illumination.
I

Short-Time Temporal Stability

- Over 4 s and at a sampling rate oi" one per every 7 ins, the output of 26 pixels out
I

of a total of 1728 was measured. They were evenly distributed over the face of the

CCD. The time profile of their response did not show any significant variations, so that

it is sufficient to show the profile for just one of them (No. I I 11) in Fig. 10. Note that

"I the response varies with time in the range of 0.5 to 1.0% of maximum intensity, as

defined at the output of the CCD at 2.0 V saturation voltage.

I,
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Fig. 10. Response of a pixel over time to a constant intensity light source.
Values are taken every seven milliseconds.

The variations of the output intensity follow a square-root law, as shown in Fig. 11.

In principle it appears feasible to flatten out the profile by repeated runs over an

extended period of time. To arrive at a flatness of better than 0.01% of maximum

intensity, as prescribed by the size of the resonances to be resolved, would require

sampling typically over several minutes.

INTENSITY

Fig. 11. Distribution of intensity values of successive sampling runs of one
individual pixel. See Fig. 12 for scale.
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Tu reduce the variations in one single pixel by repeated runs would not serve a

purpose, however. The method is based on a search for the wavelength (= pixel

address) that fulfills the condition (XIT) - constant value before the temperature T was

changed to the new value. This requires that several pixels, typically on the order of

50, are scanned, starting from the initial pixel. For each one. the runs would have to be

repeated over several minutes until the uncertainty is reduced to a value that allows the

initial 0 function to be recognized, or the resonance identified. Sampling times on the

S order of hours would result, and the questions must be asked whether or not the rest of

the equipment is sufficiently stable over such length of time. We will see in the next

section that this is not the case.

Before proceeding to this test, however, we must point out that the stability tests

wvere performed with white light. Using the pixel array in monochromatic light would

introduce the non-uniform spectral response of the pixels, expanding the sampling space

S by one more dimension.

% Long-Term Temporal Stability

* Even if the above limitations would not apply, repeated sampling requires that the

profile of Fig. 10 stays constant for a certain length of time on the order of minutes.

This is not the case, however, as shown in Fig. 12. The output from a pixel was

followed in the form of an intensity histogram over several minutes. Although random

in their occurrence, jumps were found to occur. The light source cannot be responsible

for these jumps, since we measured its stability and found it stable to better than 0.01%

of its output. We suspect that internal changes in the CCD are causing these jumps that

prevent us from scanning the array in repeated runs for much longer than several

seconds.
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* Fig. 12. Distribution of intensity values over successive 7 -s intervals, as
recorded by one pixel. Values are taken every 7 ms. Intensity is measured
on a scale of 0 to 4095 0 corresponds to 0 volts (dark), 4095 corresponds
to 2.0 volts (saturation).

Replacing the CCD with a Resistor

To identify the contribution to the noise of control and supply electronics, the CCD

was replaced by a resistor. When the same test was performed that resulted in the data

Il of Fig. 10. the noise spectrum was reduced to approximately 1% of the former values, as

'r shown in Fig. 13. Note that the ordinate gives intensity values on the same scale as

Fig. 10; it is evident that the CCD contributed about 100 times as many fluctuations as

the electronics. This indicates that the CCD is the source of the fluctuations.

IN
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Fig. 13. Noise (in terms of CCD intensity) seen when the CCD is replaced

4by a resistor circuit.

Conclusions

From the tests reported above, we concluded that the noise performance of the

CCD does not permit us to resolve the resonances from the background. To demonstrate

this more clearly, we will schematically compare with each other the resolving power of

the two versions of modulation spectroscopy: the new emittance version and the

conventional one.

-p The data to be separated from the background in conventional modulation

spectroscopy consist in a slope singularity of the joint-density--of-states function
I

superimposed on the smooth background of all other optical transitions. The situation is

sketched in Fig. 14, showing the square-root singularity of a critical point in the joint-

density-of-states function superimposed on the integral of all optical transitions
I

throughout the Brillouin zone. As the modulation, consisting of the variation of any

parameter that affects the electronic band structure, is moved across the singularity, it

resonates sharply, causing a signal much larger than the response of the non-critical

profile below. A lock-in amplifier easily separates the two responses which are so

widely separated in magnitude.

4
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'p.Contribution from
critical point
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Background
over Brillouin

It Zone

Modulation Parameter

Fig. 14. Schematic representation of the separation of slope-discontinuities
r in the joint-density-of-states function in conventional modulation

spectroscopy.

To visualize the situation for the emittance-based spectroscopy, we have to resort to

topographical terms. The thermodynamical function 0 can be plotted as a hyperbolical

terrain over the VT plane, with the contour lines )VT being hyperbolas of equal

' "elevation" in planes parallel to the base plane.

For a blackbody. modulation along these contour lines strictly does not affect the

value of the emitted intensity. For a real body, however, for n nich band structure

information is superimposed on the thermodynamical component, the contour line is not
44 4

perfectly smooth, but has a "roughness" superimposed on it, that represents in its profile

the band structure information embedded in the emissivity that is not invariant to

(XT) - constant. In particular, spikes are expected along the contour line that represent

*I the critical points in the joint-density-of-state function.

It is important to realize that the terrain on either side of the contour line changes

very steeply. Leaving the contour line in the direction of a temperature change modifies

the 0 function very quickly on the scale of ten-thousand times the size of the expected

resonances. Unless the gauge for changes in "elevation" above the base plane is very

_'
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L sensitive, and in particular very stable over the time range of a measurement, little

chance exists to find with sufficient precision the way back to the contour line, to

determine whether or not it has a spike. For the case of the CCI) we are certain that

the time variation of the output fluctuates one hundred times more than the amplitude of

the roughness of the contour line. With this in mind, we have decided to put the

experiment on hold, in spite of the certainty that the sought-after resonances must ride

on the contour lines.

Since modulation of the temperature affects the resonances, as in the conventional

spectroscopy, and in contra-distinction causes much stronger changes in the background

attributable to movements in the very steep ter-rain of the background, a significant

6 difference in the resolving power of the modulation is established. Unless a sensitive

and stable probe is found that leads a logical element with precision back to the contour

line after the temperature has been modified, we cannot determine whether this contour

line represents a "blackbody value" or has bandstructure information riding on it.

Present-day CCDs apparently do not provide such a probe. In the appendix, we

will sketch why we expect tunable Fabry-Perot interferometers to provide an alternative.

0 As with the CCI), we will stretch again the state of the art in an application for which

neither the CCDs nor the Fabry-Perots were designed.

The project challenge here is that the diagnostic resonances are riding on the

* temperature-derivative of the emitted intensity profile. These resonances must be there

for very fundamental reasons, confirmed by the large volume of modulated reflectance

-~ spectra. Their value in determining the electronic band structure, and thus the optical

* performance of materials, over the temperature range to the melting point stresses the

imagination. To separate them from the background challenges the experimentalist and

recalls the situation of the early sixties, when the empty schemes of band-structure

calculations had to await modulation spectroscopy to connect them to the experimental

reality.
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Appendix -- Future Work

Ik. We will state the aims of this project in a manner that outlines the restrictions

of the present experimental approach, but identifies alternatives at the same time.

Find the singularities that are superimposed on the smooth profile of the

W temperature derivative of the intensity emitted from a hot surface.

For a black or grey body, the temperature derivative of the emission has the same

value along contours (X-T) - constant, if the ranges of variation of temperature T and

_ wavelength X are small. Once a detector determines this value for a given temperature,

it is possible to find this same value again for a different wavelength after a change of

temperature, if the product (XT) is maintained constant.

4' It is the reason for the failure of the CCD-based approach that the signal-to-noise

ratio of the detector did not give this determination sufficient reproducibility in

successive measurements to find the deviations that are characteristic for the presence of

a resonance.

It is proposed in a preliminary manner that the CCD detector be replaced by a

tunable Fabry-Perot interferometer that looks into a photomultiplier followed by a lock-

*' in amplifier. The tunable Fabry-Perot is set to a starting wavelength \o for which the

photomultiplier registers a modulation (AI/ATh in response to a temperature modulation

AT of the filament. The temperature T, on which this modulation rides, is then set to a

4 new value T,. and the Fabry-Perot is instructed to search for a new wavelength for

which the modulation of the emitted intensity is restored to its initial value (AI/AT)h.

This procedure would be arbitrary if performed for one wavelength only. However.

if a sequence of wavelengths is scanned in this manner, a smooth base line is obtained

from which the resonance emerges, if present.

The new approach is superior to the previous one in more aspects than potentially

improving on the insufficient signal-to-noise ratio of CCDs. Two advantages emerge:

w4

4 ,, ., ., ,, - ., , . ,. ,, ., ,, ,. -. ,,' , ,, ,. ,, , ,, .



28

1. The method is "static" in the sense that the base temperatures T, and T, can be

maintained over a long period of time. so that the filament reaches equilibrium.

Should it sag under the new temperature, or should the field of view scan an

inhomogenious distribution of temperatures, the effect will be less severe than

u in the previous approach.

2. Doubl, tunable Fabry-Perots have the potential of wavelength _modulation of

the observation using one surface as the static adjustment and the other to

4, Imodulate the wavelength periodically.

This adds an additional parameter of registration. Not only can the interferometer

be instructed to search for the initial value of the emittance modulation, it can also.1

SW-1register the wavelength derivative of this emission. This makes the topographical
- .

evaluation of the surface shown in Fig. 15 two dimensional, since this surface is

symmetrical in wavelength and temperature.

- 4)(XT)

Resonances 4)=Constant

.1

X *T

Fig. 15. Schematic representation of resonances as "10' roughness" on the
contour lines of the 4'(XT) function

E

This application is as novel for Fabry-Perot interferometers as it was for CCDs.

We may encounter similar precision and reset limitations with respect to tunable Fabry-

d € Perot interferometers as we have with CCDs.

rr
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Literature cites a scan linearity of 0.1% for the tunability, so that only one order of

* jmagnitude may separate us from the expected value of the resonances. It is not clear,

however, whether scan linearity is our critical parameter. Rather, we must discover the

limits within which a Fabry-Perot returns to an initial setting once it has been detuned.
'4

The novel approach has the advantage, however, that the "static" nature makes it

now possible to scan repeated runs until a sufficient value of the precision is obtained.

We are presently discussing the method with manufacturers of Fabry-Perot

i interfeometers and will solicit sources of funding for the project once we are

sufficiently certain of its merits.
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